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REMARKS 

Claims 15-27 and 29 are pending in this application with claims 15-19 being 
independent. Claims 16, 22 and 23 have been allowed. Claims 1-14 and 28 have previously 
been canceled, 

I. Examiner's withdrawal of prior art claim rejections 

Applicants gratefully acknowledge the Examiner's withdrawal of the rejections under 35 
U.3,C.103(a) which had been set forth in the Office action mailed June 22, 2006. 

IL Claim Rejection under 35 U.S.C, 102(a) 

The Examiner has rejected claim 15 under 35 U.S.C. 102(a) as allegedly anticipated by 
JP 2003-40873. The Examiner alleges that structures (4) and (1 1) on page 8 of JP 2003-40873 
fall within claim 15. These two structures are reproduced below: 




The Examiner alleges that the naphthylphenyl groups (e.g., the groups circled in 
structures (4) and (11) above) are "considered, as a whole, to meet the limitations of an 
unsubstituted aryl group." Applicants respectfully disagree. 

Claim 15 is directed to compounds wherein X and Y may be an unsubstituted aryl group. 
A naphthylphenyl group is not, considered as a whole, an unsubstituted aryl group. Rather, a 
naphthylphenyl group is a substituted aryl group that consists of one aryl group, a phenyl group, 
that is itself substituted by a second aryl group, and a naphthyl group. 
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The term "aryl" is commonly defined as an "organic radical derived from an aromatic 
hydrocarbon by the removal of one atom; e.g., phenyl from benzene," See, Hackh's Chemical 
Dictionary, Fourth edition, 1969, page 62 (copy attached hereto). The term "aromatic," in this 
context, refers to the chemical property of aromaticity. An aromatic group, such as an aryl group 
contains a series of conjugated double bonds and further requires a molecular conformation that 
allows the p molecular orbitals of the conjugated double bonds to overlap. See, for example 
March, Advanced Organic Chemistry, fourth edition, 1987, Chapter 2 9 Delocalized Chemical 
Bonding (copy attached hereto), page 35, rule 3 of the "Rules of Resonance " that states, "All 
atoms taking part in the resonance, Le,, covered by the delocalized electrons, must lie in a plane 
or nearly so (see p. 360) The reason for planarity is maximum overlap of the p orbitals/' 

Non-planar systems, though they may contain a conjugated it system, nonetheless have 
little aromatic character because tt overlap is interrupted. Id. at page 57, line 18. 
"Cyclooctatriene 166 (45) is not planar but tubshaped. 167 Therefore we would expect that it is 
neither aromatic nor antiaromatic, since both of these conditions require overlap of parallel p 
orbitals/' (References omitted) 

Naphthylphenyl groups have been shown to be substantially non-planar. See, for 
example, S. G. Vulfson, Molecular Magnetochemistry, copyright 1998, page 377 (copy of 
Chapter 6 attached hereto), and Cheng et al, J, Chem. Soc. t Faraday Trans. 2, 1972, 68, 1679- 
1690 (abstract attached hereto). Both of the above references disclose determinations of the 
molecular conformation of 1-phenylnaphthalene and conclude that the dihedral angle between 
the naphthyl and phenyl rings is 66°. The phenyl ring and the naphthyl ring components of the 
naphthylphenyl group are individually planar and have p orbital overlap and are, taken 
individually, aryl groups. However, the p overlap between the phenyl and naphthyl rings would 
be significantly compromised by the 66° dihedral angle, and thus the naphthylphenyl group 
would not, as a whole, be considered to be an aryl group. 

Another requirement of aromatic compounds is generally termed "Huckels's Rule." The 
rule is based on molecular orbital calculations and holds that "electron rings will constitute an 
aromatic system only if the number of electrons in the ring is of the form 4n + 2, where n is an 
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integer " See, for example March, Id. at page 51, continuing onto page 52. Huckels's Rule 
predicts that, for example, benzene, with 6 n electrons (6 = (4 x 1) + 2) and naphthalene, with 10 
n electrons (10 = (4 x 2) + 2) will be aromatic because they follow the 4n + 2 rule. Accordingly, 
a naphthylphenyl group consists of two groups, naphthyl and phenyl, that individually satisfy 
Huckels's Rule, However, considered as a whole, a naphthylphenyl group, with a total of 16 n 
electrons fails to satisfy Huckels's Rule, because no integer n will satisfy the Huckels's 
expression 1 6 = 4n + 2, Thus, according to Huckels's Rule, a naphthylphenyl group would not, 
considered as a whole, constitute a single aryl group, but rather consists of two aryl groups 
bonded to each other. 

Based on the above remarks, Applicants believe that the naphthylphenyl groups in the 
compounds disclosed in the cited art do not represent unsubstituted aryl groups and therefore can 
not anticipate claim 15. Applicants respectfully request that the Examiner reconsider and 
withdraw the 102 rejection. 

IIL Claim Rejection under 35 ILS.C. 103(a) 

The Examiner has rejected dependent claim 21 under 35 U.S.C. 103(a) as allegedly being 
obvious over JP 2003-40873 in view of Li et al As stated in the remarks above, JP 2003-40873 
does not disclose any compound of claim 15. Accordingly, because Li does not remedy this 
failure of JP 2003-04873, Applicants respectfully request that the rejection under 35 U.S.C. 
103(a) be withdrawn. 

Applicants submit that all claims are in condition for allowance. 

The fee in the amount of SI 20 in payment of the one-month extension fee is being paid 
concurrently herewith on the Electronic Filing System (EFS) by way of Deposit Account 06- 
1050 authorization. Please apply any other charges or credits to Deposit Account No. 06-1050. 
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Respectfully submitted, 
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Timothy W. Davenport 
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heat. a. selenide. As a Se 3 — 386.52, 
selenide. Brown crystals, m,36G, 
water. a. sulfide. As 2 S 3 ^ 246.1 



Arsenic tri* 
insoluble in 
Arsenic trisul- 

fide, yellow arsenic sulfide, orpiment, aunpigment, 
king's yellow. Orange monoclimc crystals or 
amorphous powder, m.310, insoluble in water; a 
pigment, 
arseayl. Sodium methylarsenate, 
arseoidine. Arsenidine. 

arsLe. (D AsH 3 = 78.0. See arsenou* hydnde, 
ar.syi, and .dr^ene. (2) See amm alk- Me 2 - 
As 0-AsMe 2 . Cacodylic oxide. Colorless liquid 
b 120 Cf. alkarM.il. diethyl- <U Et 2 AsH or 
p'w As- 134 05. (2) Tetraethylarsme. di- 
Syf- McAsH = 106.07. Cacodylhydride 
ColorLs liquid, b.86, miscible with alcohol, 
dipheaylsne- Dibenzoarsenole. dttertiary- ifie 

OAs'lle, „ 
ethyl- EtAsH s = 105.98 
AsMe, 

Arsincethane.' Colorless liquid, b 36. methyl- 
enes = 91.97. Ammomethane, MeAaH, , A 
g8S b.2, soluble in alcohol. methyldicliloro- 
%rr c ,l ±s = 160 87. Methylarsemc diehloride, 
iteteCU. Colorless liquid, b.133. mOuO-R- 
RAsHj. tetraethyl- Et 2 As'AsEt 2 . Et hylcacody 
Colorless liquid, b.186. tetramethyl- Cacodyl. 

triethyl-C e H ls A e = 162.08. Anew 
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arsphenamine. As 2 (C e H 3 -OH-NH 2 ) s ;2HCl == 437 2. 
Saivarsaa, diarsenol, arsphcnolamme bydrochlo- 
ride, areaminol, arseaobenzol, 3-d^ ! ™- 4 - d *y- 
droxylarsenobenzene, kharsivan, Ehrhch bw, 

S.O.S. 

HO 0H 



(HC1}NH 2 



> 



As: As— C*H 3 <^ 



triethyl, As.Et 3 . Colorless liquid, decamp. 141 
trimethyl- AsMe 3 - 120.03. Arsenic tnmethyl, 
l™s methide 3 Colorless liquid, b.5.3, soluble 
in water. » , . 

arsines. Aisine analogs of amines, phosphmes 
stibines in which the hydrogen is replaced by a 
hydrocarbon radical, as R 2 AsR, dialkylarsine. _ 
arsmic acid. (D An organic compou 

from trivalent arsenic; as R 2 AsO f H, diaryi or 
dialkyl a. acid. (2) U.K. usage an "arsimc acid, 
as well as an "arsenic" acid (U.S. usage), ammo- 
phenyl- Arsanilic acid, dimethyl- Cacodyhc acid, 
methyl- Methane arsonic acid. 
arsTBO- 1) The H.A.- group (2) Prefix rod« 
the -As: As- group. (3) The radical {OH)OAs- 
derived from arsinic acid. a. salicylic acid. 
Colorless crystals, used as atoxyl, 
arsinoso. (1) The (HO^As— group. (2) ihe 
H<3 As= group. {Z) Less correctly, the radial 
O: As— » isologous with nitroso. 
axso! The 0 2 As— gronp. , 
arsenate. A salt of arsonic acid containing the 

XiAs0 2 — radical, 
arsoiie The compound AsO(OH) 3 . 
£££ acid. Anorganic WJ^ 0 ^£*°£ 
pentavalent arsenic; as, R s As0 2 (OH), diaryi or 
dSkyl a. acid, p-carbaminophenyl- Carbasone. 
Tjhenvl- Benzenearsonie acid- 
arsonmm. The radical AsH 4 -, an isolo g of ^ammo- 
niumandphosphomum. a. compounds. AaH, HX. 
„r AsH,X Arsine addition compounds, a. 
hydroxide. AsH 4 OH. An ^ isolog .of ammonv urn 
hydroxide and parent substance of, e.g., K 4 AsUH, 
tetra-R-arsonium hydroxide. 

Al ?otr» Arseae d'. .-W« »— 
physicist, pioneer in high-frequency electric 

therapy* 



NH 2 {HC1) 

Yellow, hygroscopic, crystals, unstable in air 
soluble in water; used to treat syphilis and 
relapsing fever, neo- A r eoarsphenamine. 
arspbenoxide. Mapharsem 
arsycodile. Sodium cacodylate. 
arsyL The radical H*As-, from arsme. 
Arsylene. Trademark for the radical HAs=- T from 
arsine, 

arsynaL Sodium methyl arsenite. 
artabotrine. 0^0^- 597.42. An a kalmd 
from the stems and roots of Artabotrys 
suaveolerm (Anonaceae), 
artarine. C tl H M 0 4 N - 353.2. An alkaloid from 

artar root; a heart stimulant, 
arto root. A drag from the root of Zanttoxylum 

senegalese (Eutaceae), W. Africa. 
Arteiuisia. A genus of plants belonging to the aster 
family (Composite); e.g. A. zhsinthium, worm- 
wood; A. maritima, wormseed, santomoa. a. Oil* 
Wormwood oil. 
artemisin, C u H M 0 4 = 262.2. ?**^^J^ 
the seeds of Artemisia species. Wlute crystals, 
m.2Q0, soluble in hot water; a gastric stimulant, 
arterili. A red pigment of arterial blood. Cf. 

oxyhemoglobin. 
arteriOgrapb. An instrument to trace and record 

atSosSrosis, Abnormal hardening of the artery 

artery The blood vessels in which the blood passes 
from the heart to the organs of the body. 



arthianitin. C 5 ^H 11() 0 34 -< 



: 1376.90. Cyclamin. A 



fro^ Site iCyclamen ,uropa^ 
White powder, soluble in water; a purgative and 

C0^NH 3 . A disinfectant used to treat arthritLS- 

artaroprrd^^^n^ebrate animals with jointed 

limbs, e.g., spiders and crustaceans. 
Artie. Trademark for methylchionde used m 

arScial^ Made by man as opposed to natural. Cf, 

synth&tic* 
artolinantipeptone. Artose. 

P TT O a N trt S =* 40^6.5. A water-soluble 

albumose produced from wheat gliadm. Cf. 

dei/ieroartrose, iieteroartrose. 

r^racid COl lX^^ -id extracted from 

Colombian gas oil by alkah. 
atum. (1) A genus of plants (Armdae) whose oorms 

yield atarchy products; e.g., sago from A. macu- 

latum. (2) An edible starch similar to sago from 

A. maculatum (Southern Europe), 
arvl A organic radical derived from an aromatic 

hydrocarbon by the removal of one atom; e.g., 

phenyl from benzene. Cf. alkyl. 
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DELOCALIZED 
CHEMICAL BONDING 



Although the bonding of many compounds can be adequately described by a single Lewis 
structure (page 12) t this is not sufficient for many other compounds. These compounds 
contain one or more bonding orbitals that are not restricted to two atoms, but that are 
spread out over three or more, Such bonding is said to be delocalized. 1 In this chapter we 
shall see which types of compounds must be represented in this way. 

The two chief general methods of approximately solving the wave equation, discussed 
in Chapter 1, are also used for compounds containing delocalized bonds. 2 In the valence-bond 
method, several possible Lewis structures (called canonical forms) are drawn and the mol- 
ecule is 'taken to be a weighted average of them. Each $ in Eq, (3), Chapter 1, 

represents one of these structures, This representation of a real structure as a weighted 
average of two or more canonical forms is called resonance. For benzene the canonical 
forms are 1 and 2. Double-headed arrows are used to indicate resonance. When the wave 
equation is solved, it is found that the energy value obtained by considering that 1 and 2 
participate equally is lower than that for 1 or 2 alone. If 3, 4, and 5 (called Dewar structures) 





CD 





are also considered, the value is lower stilt According to this method, 1 and 2 each contribute 
39% to the actual molecule and the others 7.3% each. 3 The carbon-carbon bond order is 
1.463 (not 1.5, which would be the case if only 1 and 2 contributed). In the valence-bond 
method, the bond order of a particular bond is the sum of the weights of those canonical 
forms in which the bonds is double plus 1 for the single bond that is present in all of them. 4 
Thus, according to this picture, each C— C bond is not halfway between a single and a 
double bond but somewhat less. The energy of the actual molecule is obviously less than 
that of any one Lewis structure, since otherwise it would have one of those structures. The 
difference in energy between the actual molecule and the Lewis structure of lowest energy 
is call the resonance energy. Of course, the Lewis structures are not real, and their energies 
can only be estimated. 

! The classic work on delocalized bonding is Wheland Resonance in Organic Chemistry; Wiley: New York.1955, 
'There are other methods. For a discussion of the free-electron method, see Streitwteser Molecular Orbital Theory 
for Organic Chemists; Wiley: New York, 1961, pp. 27-29, For the nonpairing method, in which benzene is represented 
as having three electrons between adjacent carbons, see Hirst; Lmnett 7. Chem* Soc. 1962 t 1035; Firestone J. Org. 
Ckern. 1969, J< 2621. 

Pullman; PuHman Prog, Org. Ckem. 1958, 4,31-71, p> 33, 

*For a more precise method of calculating valence-bond orders, see Clarkson; Coulson; Goodwm letrahedron 
1963* 19, 2153. See also Herndon; Parkanyi /. Chem. Educ, 1976, 53, 689, 
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Qualitatively, the resonance picture is often used to describe ^ * 
but quantitative valence-bond calculations become much ^ d ^^ b ^^^ 
become more complicated (e.g., naphthalene, pyridine, etc,)- Theref ore the molecu- 
lar-orbital method is used much more often for the solution of wave eq«- If we look 
at benzene by this method (qualitatively), we see that each carbon atom, being connected 
to three other atoms, uses £ orbitals to form a bonds, so that all 12 « - 
piane. Each carbon has a p orbital (containing one electron) remaining and I j ach ^ _ he e 
can overlap equally with the two adjacent p orbitals. Th,s overlap of six orbitals (see F gure 
2 1) produ P ces q six new orbitals, three of which (shown) are bonding. These three (called , 
o'rt. ta s) all occupy approximately the same space « One of the three is of lower energy than 





H- 




Superposition of (a), (6), and (c). 

FIGURE 2.1 The six p orbitals of benzene overlap to form three bonding orbitals. (4, («, and (4. The 
three orbitals superimposed are shown in <d}. 

'For a review of how mo theory explains localised and delocalized bonding, see Dewar Mol. Struct. Energ, 1988, 

5 ' ^According U> the explanation given here, the symmetrical hexagonal structure * Tyitel 
uSZTmA tL » nrhitak It has been contended, based on mo calculations, that this symmetry is eauseaoy me o 

BuIL Chtm. Soc. Jpn, 1990, 63, 1956. 
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the other two, which are degenerate. They each have the plane of the nng as a ^node and 

0 are in two parts, one above and one below the plane. The two orbnals of higher energy 
FigSe 2Tb and c) also have another node. The six electrons that occupy this torus-shaped 
cloud are called the aromatic sextet. The carbon-carbon bond order for benzene, calculated 

az/SS have been made by treating the <r and * electrons separately. Itemed 
thafSe cr orbitals can be treated as localized bonds and the calculations involve only the 

1 e e^ons The fct such calculations were made by Hilckel; such calculations are often 
Jrt £l molecular-orbital (HMO) calculations} Because electron-electron repulsions 
^rlSeTnerfected or averaged out in the HMO method, another approach, the 
Z-co^L^ tL^ or uLee-Fock, method, was devised.' Although these methods 
SW«W result for planar unsaturated and aromatic molecules, they are often 
SSw to other molecules; it would obviously be better if all electrons, both a and 
TSd be included in the calculations. The development of modem comers has now 
made this possible. 10 Many such calculations have been made" using a number of methods, 
a^ng fterrextension y of the Huckel method (EHMO) 12 and the apphcation of the SCF 
method to all valence electrons. i3 , r , * A . 

One ype of mo calculation that includes all electrons is called ab inino" Despite the 
«J^Jh£ means "from first principles") this type does involve assumptions, though not 

moTthan about five or six atoms other than hydrogen Treatments «m- 
oHfvine assumptions (but still include all electrons) are called semi-empmcat methods. One 
I Se firToHhese was called CNDO (Complete Neglect of Differential Overlap)^ but as 
compute have become more powerful, this has been superceded by more modem method^ 
(Modified Intermediate Neglect of Differential Overlap)," MNDO 
3£tf2d Neglect of Diatomic Overlap)," and AMI (Austin Model 1), all of which were 
LToduced by M. J. Dewar and co-workers" Semi-empirical calculations are generally 
redded as less accurate than ab initio methods * but are much faster and cheaper. Indeed,. 

*The moiecular-orbita) method of calculating bond order is more complicated than the valence-bond method. See 

Del Re; Berthier For&cftr. Oie*»> Forsck. 22* 1 f 22 '» wa „ York 1986; Clark A Handbook 

*or a <ftscussaon 01 i , MINDO/3, see Lewis, Cftewi. -Rev, 1986, 56, UlWliJ. 

references, see Qark t Ref. 14, pp. y>z^z, ror a review us ; vtli ^ w 1975 97 1285' MNDO: Dewar; 

"First publications are, MiNDO/3: Bingham; Dewar; Lo J. Am C ^^*^^ 1 ^ tm.M 3902 
racism, {fern. See, 1977, 99, 4899; AMI: DmZoA sch; HJl Steward Cfcm. Soc. 19S5, 207, 

»3ee however, Dewar; Storch J. Am, Chem. Sac. 1985, 107 7 
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calculations for some very large molecules are possible only with the semi-empirical 
methods- 20 

Molecular orbital calculations, whether by ab initio or semi-empirical methods, can be 
used to obtain structures (bond distances and angles), energies (such as heats of formation), 
dipole moments, ionization energies, and other properties of molecules, ions, and radicals— 
not only of stable ones, but also of those so unstable that these properties cannot be obtained 
from experimental measurements. 21 Many of these calculations have been performed on 
transition states (p. 210); this is the only way to get this information, since transition states 
are not, in general, directly observable. Of course, it is not possible to check data obtained 
for unstable molecules and transition states against any experimental values, so that the 
reliability of the various mo methods for these cases is always a question. However, our 
confidence in them does increase when (1) different mo methods give similar results, and 
(2) a particular mo method works well for cases that can be checked against experimental 
methods. 

Both the valence-bond and molecular-orbital methods show that there is derealization 
in benzene. For example, each predicts that the six carbon-carbon bonds should have equal 
lengths, which is true. Since each method is useful for certain purposes, we shall use one 
or the other as appropriate. 

Bond Energies and Distances in Compounds Containing Deiocalized Bonds 

If we add the energies of all the bonds in benzene, taking the values from a source like 
Table 1.7, the value for the heat of atomization turns out to be less than that actually found 
in benzene (Figure 2,2). The actual value is 1323 kcal/mol (5535 kJ/mol). If we use lvalues 
for a 0*C double bond obtained from cyclphexene (148.8 kcal/moi; 622,6 kJ/mol), a C— C 
single bond from cyclohexane (81.8 kcal/mol, 342 kJ/mol), and 0— H bonds from methane 
(99.5 kcal/mol, 416 kJ/mol), we get a total of 1289 kcal/mol (5390 kJ/mol) for structure 1 
or 2. By this calculation the resonance energy is 34 kcal/mol (145 kJ/moi), Of course, this 
is an arbitrary calculation since, in addition to the fact that we are calculating a heat of 
atomization for a nonexistent structure (1), we are forced to use E values that themselves 
do not have a firm basis in reality. The resonance energy can never be measured, only 
estimated, since we can measure the heat of atomization of the real molecule but can only 
make an intelligent guess at that of the Lewis structure of lowest energy. Another method 
frequently used for estimation of resonance energy involves measurements of heats of hy~ 




Energy of six carbon and six hydrogen atoms 



■ — — * t — Energy of structure 1 or 2 

Resonance energy 1 

Energy of benzene 



FIGURE 2,2 Resonance energy in benzene. 



**C!ark, Ref. 14, p. 141, 

** Another method of calculating such properies is molecular mechanics (p. 149). 
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mol), so we might expect a hypo het f.™™ t bcflZene has a hea t of hydro- 
hydrWnationofabouU^ 

genationof 49.8kcal/mol (208 kJ/mol), wrncn gi hypothetical 1 or 2. 

kJ/mol). By any calculation the real ^^^^SaZm HMO theory in terms 
The energies of the six benzene °^.^^ZZSd by an isolated 2p orbital 
of two quantities, a and p. a is the the degree 

before overlap, while p (called the ^Z^Z aZ^ I^ oTp corresponds to 
of stabilization resulting from **rb*al to u^). « + 2 P , a + », 

stabilization, and the energies of the « «ta " 0 t, 1^ 0 the three occupied orbitals is 
B + p, « - P, a - and a - 20 » The ^ * ^ of an ordinary double 
6„ + P Jb, since there are two electrons m ^ach ^- Jhe energy ^ 

or hydrogenation. mmrt ««*d<i exhibiting derealization would he 

4 might expect that bonders JL for benzene since the 

between the values gives m Tatt 15 Tta» *«^ y ^ {oI an sp^sp* C-C 

^nd^ 

Kinds of Molecules That Have Delocaltaed Bonds 

There are three main types of structure that exhibit derealization: 

simplest is butadiene. In the molecular o fetid P^^^ d ^ ovacant antibonding 
orbitals gives two bonding orbitah .that ™^^^^£n the one of next lower 
orbitals. It can be seen that each orb, * ™ a + L6 18P, a + 0.6180, 

^^^^^^^^^Z two occupied orbitals is 
^ + °S. a st: t^enert orated doublf bonds is 4. + 4,, the resonance 

^££2^*™^ « — d to contribute: 

P) 0 © 

£h PH-rH— CH,« > CH 2 — CH=CH— CH, 



% J^J^TjaU hydrocarbons, see — I* «~ «* ^ 
Popov; Kogan Rttss* Chem* Rev. tm, 57, 119-141. 



CHAPTER 2 



DELOCALIZED CHEMICAL BONDING 31 




Bonding orbitafs (») 

FIGURE 2.3 The four it orbitals of butadiene, formed by overlap of four p orbitals. 



In either picture the bond order of the central bond should be higher than 1 and that of 
the other carbon-carbon bonds less than 2, although neither predicts that the three bonds 
have equal electron density. Molecular-orbital bond orders of 1.894 and 1.447 have been 
calculated ^ 

Since about 1959 doubt has been cast on the reality of derealization in butadiene and 
similar molecules. Thus, the bond lengths in butadiene are 1.34 A for the double bonds and 
1.48 A for the single bond. 28 Since the typical single-bond distance of a bond that is not 
adjacent to an unsaturated group is 1.53 A (p. 20), it has been argued that the shorter single 
bond in butadiene provides evidence for resonance, However, this shortening can also be 
explained by hybridization changes (see p. 20); and other explanations have also been 
offered. 29 Resonance energies for butadienes, calculated from heats of combustion or hy~ 
drogenation, are only about 4 kcal/mol (17 kJ/mol), and these values may not be entirely 
attributable to resonance. Thus, a calculation from heat of atomization data gives a resonance 
energy of 4.6 kcal/mol (19 kJ/mol) for c£s-i>pentadiene, and -0.2 kcal/mol (-0.8 kJ/ 
mol) t for 1,4-pentadiene, These two compounds, each of which possesses two double bonds, 
two C—C single bonds, and eight C— H bonds, would seem to offer as similar a comparison 
as we could make of a conjugated with a nonconjugated compound, but they are nevertheless 
not strictly comparable. The former has three sp* C — H and five sp 1 C — H bonds, while the 
latter has two and six, respectively. Also, the two single C— C bonds of the 1,4-diene are 
both sp 2 -sp 3 bonds, while in the 1,3-diene, one is sp 2 ~$p* and the other sp 2 -sp 2 . Therefore, 
it may be that some of the already small value of 4 kcal/mol (17 kJ/mol) is not resonance 
energy but arises from differing energies of bonds of different hybridization. 30 

^Coulson Proc. R. Soc. London, Ser, A 1939, 169, 413. 
a Marais; Sheppard; Stoicheff Tetrahedron 1962, 17, 165. 

kartell J. Am Chem, Sac. 1959, 81, 3497, Tetrahedron 1962, J 7, 177, 1978, 34, 2891, /. Chem. Educ. 1WM5, 
754-767; Wilson Tetrahedron, 1962, 17, 191; Hughes Tetrahedron 1968, 24, 6423; Poliizer; Hams Tetrahedron 15*71, 

27, *Fbr negative views on devaluation in butadiene and similar molecules, see Dewar; Glekher J. ^CkenL 
Sac. 1965, 87, 692; Dewar; Schmeistng Tetrahedron 1959, J, 166, I960, II, 96; Brown Trans. Faraday Soc^m% 55 
694; Somayajulu/, Chem. Phys. 1959, 3h 919; MikhaUov Bull Acad, ScL USSR, Div. Chem Set 1960, 1284; X 
Gen. Chem. USSR 1966, 36, 379. For positive- views, see Miya-saki; Shjgetarm Shmoda Butt Chem. Soc. Jpn. 1971, 
44 1491; Berry/. Chem. Phys. 1962, 30, 936; Kogan; Popov Bull. Acad. Set USSR, Div. Chem. Scu 1964, 1306; 
Altmann; Reynoids Afcrf. Struct* 1977, 36, 149. In general, the negative argument is that resonance involving excited 
structures, such as 7 and 8, is unimportant. See rule 6 on p. 35. An excellent discussion of the controversy is found 
in Popov; Kogan Ref. 26, pp. 119-124. 
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though bond dances fail to she* U ^^^ t ^^^ 
butadiene is planar* shows th^^ C^C-C^ 

-Tg^SSf^^ Jltiple bonas * conjugation ' 

Tn ^^or^ Where 
2. Doubts (or triple) bonds in W^^^^ttoe parallel p orbitals that 
a p orbital is on an atom ^^J^^^^p of n atomic orbitals creates 
overlap. As previously noted it is « general ratoflu* m P ^ rise 

„ molecular orbitals, so overlap of a p . an J fbital is , ponding or&to/ of 

three new orbitals, as shown in Figure 2 4. ™ e 
"erobondingenergy.Thecentralcarbona^ 
There are three cases: the onginalp orbital may nave con electrons 

Since the original double bond contnbutes ™^o«s f « * example of the first 
accommodated by the ne w ortatate «fo«r f^gh thtp orbiS of the chlorine atom is 

G © 
CH 2 =CH-QI CH-CH=Oi 

ion; 

c * — *■ V 



10 



c 

I 

loig, 'Q ! © 



, . , „ „ rH..=CH — CH-, 6 , is similar. 
The bonding in altyhc ^ b ^^ Q ^ M stains only one or no electron, are 
The other two cases, where the ^^P*™'^^ M ylic free radicals have one 
generally found only in free radicals and ^^Sto ^Wul is vacant and only the 
electron in the nonbondmg orbitaL In ^5^*^^^ cirt ^, toe«fc* 
bonding orbital is occupied. The ^ t J ) ?^^^ 11011 bondiDg orbital is filled, 
cation differ from each other, ^S^^tndtag energy, it follows that the 
half-filled, or empty. Since .this is ^"^^J^^J^Tfo^^^ 

rt 8 sirf : ^sas 2 - — * the bonding 

energy, positively or negatively. 33 

*V2-b- — > « - «»■ - **, i^^afii&srss: 
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Nonbonding 



Antibondmg 



V Bonding **** 

FIGURE 2,4 The three orbitals of an aliyltc system, formed by overlap of three p orbitals. 

By the resonance picture, the three species may be described as having double bonds in 
conjugation with, respectively, an unshared pair, an unpaired electron, and an empty orbital 
(see Chapter 5): 



3* Hyper conjugation. The third type of derealization, called hyper conjugation, is dis- 
cussed on p. 68. 

We shall find examples of derealization which cannot be strictly clashed as -elonging 
to any of these types. 

Cross Conjugation** 

In a cross-conjugated compound, three groups are present, two of which are not conjugated 
with each other, although each is conjugated with the third. Some examples 35 are 



CH 2 =CH— CH 2 



Q 

CH— CH=CH 2 



CH^ — CH — C H 2 



CH 2 — CH=CH 2 



CHj=CH — CHj 



e 

CHj— CH=CH ; 




M For a discussion, see Phelan; Orchin J. Chem. Edm. 1968, 45, 633-637. 

is the simplest of a family of cross-conjugated alkenes, called dendraknes. For a review of these compounds, 
see Hopf Angew. Chem. Int. Ed. Engl, 1984, 23, 948-960 [Angew. Chem. 96, 947-958J. 
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,,' sv i C, 





^ „ a + 0.518/3 

FIGURE 2.5 The three bonding orbitais of 3-meth Y iene-1 ,4-pentad,ene («. 

Using the molecular-orbital method, we find ^J^^JV^; 'ong^h 

their energies. Note that two ot the caro °" , ^ the resona nce energy is 

The total energy of the three occupied orb ™ 02toJ, 1.859 for the C-3.C-6 

bond and L363 tor toe ^ o ^ r ^ r . * » * double-bond 

, ^ _ tW t u~ pi f~2 bond contains more and the C-j,c-d oonu uv ^ u 



CH 2 =CH-C-~CH-CH V 
CHj 



CH J ==CH—C = 



0 or © 
=CH— CH Z 



© or © 



^CH 2 -CH=C~CH=CH 

CH, 

© or 0 



C 3 C 6 bond is double in only one. In most cases it is easier to treat cross-conjugated 
molecular^rbital method than by the valence-bond method. 



The Rules of Resonance 

The molecule does no. rapidly shift between tem. It ' s «^ "abstance have the 
have ~~>-%X&1Z^™*^*£^ T ° f 
5,em we are guided by certain rules, among them the followtng. 

1 All the canonical forms must be bona fide Lewis structures (see p. 12). For instance, 
none of them may have a carbon with five bontfc This means that all 
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ways. For this reason, shorthand ways of representing resonance are easy to devise: 
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ten icie 








s> _ 




10 11 

The resonance interaction of chlorine with the benzene ring can be represented as shown 
in 10 or 11 and both of these representations have been used in the literature to save space. 
However, we shall not use the curved-arrow method of 10 since arrows will be used in this 
book to express the actual movement of electrons in reactions. We will use representations 
like 11 or else write out the canonical forms. The convention used in dashed-line formulas 
Hke 11 is that bonds that are present in all canonical forms are drawn as solid lines while 
bonds that are not present in all forms are drawn as dashed lines. In most resonance, <x 
bonds are not involved, and only the it or unshared electrons are put in in different ways. 
This means that if we write one canonical form for a molecule, we can then write the others 
by merely moving ir and unshared electrons. 

3. All atoms taking part in the resonance, i.e., covered by delocalized electrons, must 
lie in a plane or nearly so (see p. 36). This, of course, does not apply to atoms that have 
the same bonding in ail the canonical forms. The reason for planarity is maximum overlap 
of the p orbitals. 

4, AH canonical forms must have the same number of unpaired electrons. Thus 
CH 2 — CH=CH— CH 2 is not a valid canonical form for butadiene. 

5. The energy of the actual molecule is lower than that of any form, obviously. Therefore, 
derealization is a stabilizing phenomenon. 36 

6, All canonical forms do not contribute equally to the true molecule. Each form con- 
tributes in proportion to its stability, the most stable form contributing most. Thus, for 
ethylene, the form CH^ — CH 2 has such a high energy compared to CH2=CH 2 that it es- 
sentially does not contribute at all. We have seen the argument that such structures do not 
contribute even in such cases as butadiene, 30 Equivalent canonical forms, such as 1 and 2, 
contribute equally. The greater the number of significant structures that can be written and 
the more nearly equal they are, the greater the resonance energy, other things being equal 

It is not always easy to decide relative stabilities of imaginary structures; the chemist is 
often guided by intuition. 37 However, the following rules may be helpful; 

a. Structures with more covalent bonds are ordinarily more stable than those with fewer 
(compare 6 and 7). 

b* Stability is decreased by an increase in charge separation. Structures with formal 
charges are less stable than uncharged structures. Structures with more than two formal 
charges usually contribute very little. An especially unfavorable type of structure is one with 
two like charges on adjacent atoms. 



*ft has been argued that resonance is not a stabilizing phenomenon in ail systems, especially in acyclic ions: 
Wiberg Ckemtracts: Org. Chem. 1989, 2 1 85. See also Ret 120 in Chapter 8. 

i7 A quantitative method for weighting canonical forms has been proposed by Gasteiger; Sailer Angew, Chem. Int. 
Ed. Engl m$>24 y 687 [Angew. Chem. 9? t 699]. 
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c. Structures that carry a negative charge on a more electronegative atom are more ab e 
than those in which the charge is on a less electron egatrve atom. 
than VL. Similarly, positive charges are best carried on atoms of low electronegativity. 

— « > CH^C-H H-C-C-H 

IQ IQ1 @ 
12 13 U 14 

d. Structures with distorted bond angles or lengths are unstable, e.g., the structure 14 
for ethane. 



The Resonance Effect 



Resonance always results in a different distribution of electron density than would be the 
cTseTthere were no resonance. For example, if 15 were the actual structure of amhne, the 







15 



two unshared electrons of the nitrogen would reside entirety on that 
structure is not 15 but a hybrid that includes contributions from the other ^mcal fonn 
shown, the electron density of the unshared pair does not reside 
but is spread over the ring. This decrease in electron density at «J^g^ 
spending increase elsewhere) is called the resonance or mesomenc effect. We oo dy a 
thaf the NH 2 contributes or donates electrons to the ring by a resonance effect, althoug 
no actual contribution takes place. The "effect" is caused by the fact that the electrons a 
in a different place from that we would expect if there were no resonance. In — 
where resonance is absent, the unshared pair is located on the nitrogen atom. A w, h th 
field ef fecUp 18) we think of a certain molecule (in this case ammonia) as a substrate an 
thin see what happens to the electron density when we make a substitution, men one < 
the hydrogen atoms of the ammonia molecule is replaced by a benzene ring, the electror 
are "withdrawn" by the resonance effect, just as when a methyl group replaces a hydroge 
of be^ne electrons are "donated" by the field effect of the methyl. The idea of donatio 
or wlSrwal merely arises from the comparison of a compound with a closely related o, 
or a real compound with a canonical form. 



Steric Inhibition of Resonance 

Rule 3 states that ail the atoms covered by delocalized electrons must lie in a plane or near 
so. Many examples are known where resonance is reduced or prevented because the atos 
are sterically forced out of pknarity. 
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Bond lengths for the o- and p-nitro groups in picryl iodide are quite different, 38 Distance 
a is L45 A, whereas b is 1.35 A. The obvious explanation is that the oxygens of the p-nitro 
group are in the plane of the ring and thus in resonance with it, so that b has partial 





double-bond character, while the oxygens of the onitro groups are forced out of the plane 
by the large iodine atom. 

The Dewar-type structure for the central ring of the anthracene system in 16 is possible 
only because the 9,10 substituents prevent the system from being planar. 39 16 is the actual 
structure of the molecule and is not in resonance with forms like 17, although in anthracene 





16 



17 



itself, Dewar structures and structures like 17 both contribute. This is a consequence of rule 
2 (p. 34). In order for a 17-like structure to contribute to resonance in 16, the nuclei would 
have to be in the same positions in both forms- 
Even the benzene ring can be forced out of planarity, 40 In [5]paracyclophane 43 (IS) the 
presence of a short bridge (this is the shortest para bridge known for a benzene ring) forces 
the benzene ring to become boat-shaped. The parent 18 has so far not proven stable enough 




^Wepster, Prog, Stereochem. 1958, 2 , 99456, p. 125. For another example of this type of steric inhibition of 
resonance, see Exner; Foili; Marcaccioii; Vivareili /. Chem. Soc, y Perkin Trans. 2 1983, 757, 
^Applequist; Searle J. Am. Chem, Soc. 1964, £o\ 1389. 

w For a review of planarity in aromatic systems, see Ferguson; Robertson Adv. Phys. Org, Chem, 1963, i T 203- 

281. 

41 For a monograph, see Keehn; Kosenfeld Cychphartes, 2 vols.; Academic Press: New York, 1983, For reviews, 
see Bickdhaypt, Pure Appi Chem. 1990, 62, 373-582; Vogtle; Hohner Top. Curr, Chem. 1978, 74, 1-29; Cram; Cram 
Acc. Chem, Res. 1971, 4, 204-213; Vdgtte; Neumann Top, Curr. Chem. 1974, 48 T 67-129; and reviews in Top. Curr. 
Chem. 1983, 113, M85; 2/5, M63- 
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for isolation but a uv spectrum was obtained and showed that the benzene ring was still 
^t de'spite the distorted ring « The 8,11-dichloro analog of 18 is a stable > sohd and 
x-ray diffraction showed that the benzene ring is boat-shaped with one end of the boat 
Ending about 27° out of the plane, and the other about ir « This compound too ts aro- 
matic, as shown by uv and nmr spectra. [ejParacyclopbanes are also bent/* but m 
fVlpa acyclophanes the bridge is long enough so that the nng ,s only moderately distorted 
S kmjparacyclophanes (19), where n and m are both 3 or less (the smallest yet 
prepared i 2.2]paracV P hane) , have bent (boat-shaped) benzene rings. All these com- 
P pS have properties that depart significantly from those of ordinary benzene compounds. 



<ciw„ 





21 



NEt, 



N0 2 



Et 



22 



23 



Other molecules in which benzene rings are forced out of planarity are corannulene (20) 
(also called 5-circulene), 7-circuiene (21) * 22,* 7 and 23« (see also p. 161). 



45 



pTt-dtt Bonding. Ylides 

We have mentioned (p. 9) that, in general, atoms of the second row of the periodic table 
do not form stable double bonds of the type discussed in Chapter 1 (« bonds formed by 

"Jenneskens; de Kanter; Kraataan; TMrkenburg; Koolhaas de Wolf ; 

* c ifY7 c„„ Tnhe- Kaneda* Katachi: Odaira Chem, Lett. 1985, UUi, Kostermara, uc 

wSS^^^ 

7. Am Chem. Soc. 1986, 108, 1415; Rice; Lee; Remington; Allen; Clabo; Schaefer J. Am. Chem. Soc. 1987, 1W, 
^Jcnneskens; Klamer; de Boer; de WoU; Bickelhaupt; Stam Angew. Chem. In, Ed. Engl. 1984, 23, 238 [Angew. 
C ^ , fofeLp.c, Liebe; Wolff; Krieger; Weiss; Tochtermann Chem. Ber. 1985, 118, 4144; Tobe; Ueda; Kakiochi; 
° d ^S^ m0; Scott; Hashemi; Meyer; Wane. /. Am. CHem. Soc. 1991, 

" 3 vXunoto; Harada; Okamoto; Chikamatsu; Nakazaki; Kai; Nakao; Tanaka; Harada; Kasai J. Am. Chem. Soc. 
jagg 357fi 

<Wckl; McMillan; Van Engen; Eason J. Am Cftem. Sc>c 1987, 4660. 
"Chance; Kabr; Buda; Siegel /. Am. Chem. Soc. 1989, 111, 5940. 
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overlap of parallel p orbitals). However, there is another type of double bond that is 
particularly common for the second row atoms, sulfur and phosphorus. For example, such 
a double bond is found in the compound H 2 S0 3 , as written on the left. Like an ordinary 



II — o— S — O — H < > h— O— S— O— H 

~ ti ~ - i ~ 

IO lfii @ 



double bond, this double bond contains one cr orbital, but the second orbital is not a it 
orbital formed by overlap of half-filled p orbitals; instead it is formed by overlap of a filled 
p orbital from the oxygen with an empty d orbital from the sulfur. It is called a pn-dv 
orbital**® Note that we can represent this molecule by two canonical forms but the bond is 
nevertheless localized, despite the resonance. Some other examples of pix-dix bonding are 



® _© 



R P=OI < — > R,F— Oi R— S — R < > R— S— R 

3 3 ~ II I 

Phosphine oxides Sulfortes 

H H 

j j 

I I ~ If i 

OH OH iO IOl @ 

Hypophosphorous acid Sulfoxides 

Nitrogen analogs are known for some of these phosphorus compounds, but they are less 
stable because the resonance is lacking. For example, amine oxides, analogs of phosphine 

e e , m 

oxides, can only be written R 3 N — O, The pw-dt canonical form is impossible since nitrogen 

is limited to eight outer-shell electrons. 

In all the examples given above the atom that donates the electron pair is oxygen and, 

indeed, oxygen is the most common such atom. But in another important class of compounds, 

called ylides, this atom is carbon, 50 There are three main types of ylides — phosphorus, 51 

® _ © 

R 3 P=CR 2 * — > R 3 P— CR 2 

Phosphorus ylides 

© _ e © - e 

r 2 S=CR 2 <— * tt,S — CRj R 3 N — CR 2 
Sulfur ylides Nitrogen ylides 

*For a monograph, see Kwart; King d-Orbitals in the Chemistry of Silicon, Phosphorus, and Sulfur; Springer: 
New York, 1977. 

w For a monograph, see Johnson Ylid Chemistry ; Academic Press: New York, 1966, For reviews, see Morris, Surv, 
Prog, Chem. 1983, 10, 189-257; Hudson Ckem. Br. 1971, 7, 287-294; Lowe Chem, Ind. {London) 1970, 1070-1079, 
For a review on the formation of ylides from the reaction of carbenes and carbenoids with heteroatom lone pairs, see 
Padwa; Hornbuckle Chem, Rev. 1991, 91, 263^309. 

^Although the phosphorus ylide shown has three R groups on the phosphorus atom, other phosphorus ylides are 
known where other atoms, e.g., oxygen, replace one or more of these R groups. When the three groups are all alkyl 
or aryl, the phosphorus yfide is also called a phosphorane. 
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nitrogen/ 2 and sulfur ylides* although arsenic * se emum etc yhdes are *>*™> 
Yhdes may be defined as compounds in which a positively charged atom from group 15 or 
16 of the periodic table is connected to a carbon atom carrying an unshared pair of electrons. 
Because rf»hr bonding, two canonical forms can be written for phosphorus and su fur, 
bm ^ there uLly one for Nitrogen yhdes. Phosphorus ylides are much more stable than 
nitrogen vlides (see also p. 957), Sulfur ylides also have a low stability. 

SoSdl compounds that have p^h bonds, the central atom is connected to four 
atoms or three atoms and an unshared pair and the bonding is appr 
STpir^r bond, therefore, does not greatly change the geometry of the molecule m contrast 
to the normal it bond, which changes an atom from tetrahedral to trigonal. 



AROMATICITY 

Tn th*. nineteenth century it was recognized that aromatic compounds 55 differ greatly from 
n— 

at a mutually satisfactory definition of aromatic character." Qualitatively, there has never 

teeVTal ^agreement T 
Sar^S^pMal Mity and that they undergo substitution reactions more easily 
^n^dmonSactions. The difficulty arises because these definitions are vague and not 
easy to Sn^rderline cases. In 1925 Armit and Robinson* recognized that the aromatic 
oropertS of the benzene ring are related to the presence of a closed loop of electrons, the 
ZSSa omatic compounds are thus the arch examples of delocahzed bondmg) 
Sll wS no easy to determine whether rings other than the benzene ring possessed 
S atop WUh the'advent of magnetic techniques, most notably nmr it is possible . to 
determine experimentally whether or not a compound has a closed ring of ^^oZ 
maticitv can now be defined as the ability to sustain an induced ring current A compound 
is called diatropic. Although this definition also has its flaws, 5 ' .t is the one 
rat roZnfy accepted today There are several methods of determining whether a com- 
Xd cTSin aring current, but the most important one is based on nmr chemical 

»For a review of nitrogen ylides, see Musker Fortschr. Chem Forsch. 1978, 14, 2^5-365 
4o a monograph on sulfur ylides, seeTrost; McWmSulfur Ylides- Academ.c Press: Ne w Yo rV 1975. For rev^vs, 
«e Fava in Bernard!' Csizmadia; Mangini Organic Sulfur Chemistry; Elsevier: New York 1985, pp. 299-354, UelKin, 
PolSaeva IZcHemRe, 1981, £ 481-197 ; Block, in Stirling The Chemistry ^^^f^Torl 
Wiley: New York, 1981, pp. 680-702; Block Reactions of Organosulfur Compounds, Academic Press. New YorK, 

197 "Fo'r'Sof arsenic ylides, see Lloyd-, Gosney; Ormiston Chem. Soc. Re, 1987, 76. 45-74; Yaoxeng; Yanchang 
S2^^^ft^-A«»*«tefty. andAnti-Arormticity; Israel Academy of Sciences and Je«- 

c^^^iuf^top. Z-^^^T^><^^i££- ° rs - chem - m%6 ' 

1408; and papers in Top. Curr. Chem. 1990, 153 and Pure Appl. Chem. 1980, 52 ™;™J - { 
*For an amount of the early history of aromaticity, see Snyder, in Snyder, Ref. 55, vol. 1, PP . 1-31. See also 

Bal3 4 n r arevfe^l of A^rS/id ^define aromatic charac,«, see Jones Re, Pm Appl Chem. ^,18, 253- 
280. Fo° ££Z of Signing aromaticity, see Jug; K6ster J. P^Oj.Ck^ f**^^£'hfi\ 
ch,m <Soc 1989 111 7371; Katritzky; Barczynski; Musuraarra; Pisano; Szafran /. Am. Chem. soc. iww, 
S^^T^i ^ V 3068. /. Chem. Educ. 1974, 51, 640. See also Ref. 85. 

»Armit; Robinson 7. Chem. Soc. 1925, 727, 1604. 

»Jones, Ref. 57, pp. 266-274; Mallion Pure Appl. Chem. 1980, 52, 1541. 
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shifts « in order to understand this it is 

value of the chemical shift of a proton m an nmr J^^gJ rtia „ y surr0 unding 
of its bond; the greater the density of the el ^ndoud summ »W ^ has 



Induced Md 




moved downfield (to higher S) compared to where they m» De 5 to 6 S, while 

the only factor. Thus ordinary olefimc liydniM tojj ^^Vre were protons 

Ite l^dn^n. rfb ^^^Jr^^?TSiSii' 2?2Si2«l fietd and'hould 
located above or wrthin the nng, ^"^^3 5 for CH 2 is approximately 1 to 
appear at tower 5 values than normal CH 2 Wl^Vj 2ked the case" 

2) The nmr spectrum of [10 paracyclophane (24) showed that this was mac 




and that the CH 2 peaks were shifted to lower 6 the closer they were to the middle of the 
SeS 

above or within the ring (we shall ™™^£*^Z*w^ that it cannot be 
is diatropic, these will be shifted upfield One drawback to tms me 

aft =^ strsi ~ — * - *~ 

ring currents. 62 
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It should be emphasized that the old and new definitions of aromaticity are not necessarily 
parallel If a compound is diatropic and therefore aromatic under the new definition, it is 
more stable than the canonical form of lowest energy, but this does not mean that it will 
be stable to air, light, or common reagents, since this stability is determined not by the 
resonance energy but by the difference in free energy between the molecule and the transition 
states for the reactions involved; and these differences may be quite small, even if the 
resonance energy is large. A unified theory has been developed that relates ring currents, 
resonance energies, and aromatic character. 63 

The vast majority of aromatic compounds have a closed loop of six electrons in a ring 
(the aromatic sextet), and we consider these compounds first. 64 

Six-Membered Rings 

Not only is the benzene ring aromatic, but so are many heterocyclic analogs in which one 
or more hetero atoms replace carbon in the ring. 65 When nitrogen is the hetero atom, little 
difference is made in the sextet and the unshared pair of the nitrogen does not participate 
in the aromaticity. Therefore, derivatives such as N-oxides or pyridinium ions are still 
aromatic. However, for nitrogen heterocycles there are more significant canonical forms 
(e.g., 25) than for benzene. Where oxygen or sulfur is the hetero atom, it must be present 

Q. Q Q 

e © 

25 26 27 

in its ionic form (26) in order to possess the valence of 3 that participation in such a system 
demands. Thus, pyran (27) is not aromatic, but the pyrylium ion (26) is. 66 

In systems of fused six-membered aromatic rings,* 7 the principal canonical forms are 
usually not all equivalent. 28 has a central double bond and is thus different from the other 
two canonical forms of naphthalene, which are equivalent to each other. 68 For naphthalene, 




28 



**Haddon Am, Chem. Soc. 1979, 101, 1722; Haddon; Fukunaga Tetrahedron Lea. 1980, 21 , 1191. 

**Values of molecular-orbital energies for many aromatic systems, calculated by the HMO method, are given in 
Coulson; Streitwiejser, Ref, 23. Values catenated by a variation of the 3CF method are given by Dewar; Trinajstic 
Collect Czech, Chem. Commun. 1970, 35, 3136, 3454. 

**For reviews of aromaticity of heterocycles, see Katritzky; Karelson; Malhotra Heterocycles 1991, 32 t 127461; 
Cook; Katritzky; Linda Adv. HeterocycL Chem. 1974, 17, 255-356, 

**For a review of pyrylium salts, see Bala ban; Schroth; Fischer Adv. HeterocycL Chem. 1969, 10, 241-326. 

^For books on this subject, see Gutrnan; Cyvin Introduction to the Theory ofBenzenoid Hydrocarbons; Springer: 
New York, 1989; Dias Handbook of Polycyclic Hydrocarbon$-~Part A: Benzenoid Hydrocarbons; Elsevier: New York, 
1987 ; Gar Polycyclic Hydrocarbons , 2 vols. ; Academic Press* New York, 1964. For a "periodic table" that systematizes 
fused aromatic hydrocarbons, see Dias Acc. Chem. Res. 1985, 18, 241*248; Top. Curr. Chem, 1990, 253, 123-143, J. 
Phys. Org. Chem. 1990,5,765- 

**As the size of a given fused ring system increases, it becomes more difficult to draw all the canonical forms- For 
discussions of methods for doing this, see Herndon /, Chem. Educ, 1974 4 51, 10-15; Cyvin; Cyvin; Brunvoll; Chen 
Monatsh, Chem, 1989, 120, 833; Fuji; Xiaofeng; Rongsi Top. Curr. Chem. 1990, 153, 181; Wenchen; Wenjie Top. 
Curr, Chem, 1990, 153, 195; Sheag Top. Curr. Chem. 1990, 153, 211; Rongsi; Cyvin; Cyvin; Brunvoll; Klein Top. 
Curr. Chem. 1990, 153+ 227, and references cited in these papers. For a monograph, see Cyvin; Gutfnan Kekule 4 
Structures in Benzenoid Hydrocarbons; Springer, New York, 1988, 
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these are the only forms that can be drawn without consideration of Dewar forms or those 
with charge separation. 69 If we assume that the three forms contribute equally, the 1,2 bond 
has more double-bond character than the 2,3 bond, Molecular-orbital calculations show 
bond orders of 1.724 and 1,603, respectively (compare benzene, 1,667), In agreement with 
these predictions, the 1,2 and 23 bond distances are 136 and 1.415 A, respectively, 70 and 
ozone preferentially attacks the 1,2 bond, 71 This nonequivalency of bonds, called partial 
bond fixation™ is found in nearly all fused aromatic systems. In phenanthrene, where the 
9,10 bond is a single bond in only one of five forms, bond fixation becomes extreme and 
this bond is readily attacked by many reagents: 73 




In general there is a good correlation between bond distances in fused aromatic compounds 
and bond orders. Another experimental quantity that correlates well with the bond order 
of a given bond in an aromatic system is the nmr coupling constant for coupling between 
the hydrogens on the two carbons of the bond. 74 

The resonance energies of fused systems increase as the number of principal canonical 
forms increases, as predicted by rule 6 (p. 35), 75 Thus, for benzene, naphthalene, anthracene, 
and phenanthrene, for which we can draw, respectively, two, three, four, and five principal 
canonical forms, the resonance energies are* respectively, 36, 61 5 84, and 92 kcal/mol (152, 
255, 351, and 385 kJ/mol), calculated from heat-of-combustion data. 76 Note that when 
phenanthrene, which has a total resonance energy of 92 kcal/mol (385 kJ/mol), loses the 
9,10 bond by attack of a reagent such as ozone or bromine, two complete benzene rings 
remain, each with 36 kcal/mol (152 kJ/mol) that would be lost if benzene was similarly 
attacked. The fact that anthracene undergoes many reactions across the 9,10 positions can 



H Br 




Anthracene 



**For a modem valence bond description of naphthalene, see Sironi; Cooper; Gerratt; Raimondi J. Chem. Soc, 
Chem. Cornmun. 1989, 675. 

™Cruickshank Tetrahedron 1962, IT, 155, 
7l Kooyman Red. Trav, Chim. Pays-Bas 1947, 66, 201. 
^For a review, see Efros Russ, Chem, Rev. I960, 29, 66-78, 
^See also Lai 7. Am. Chem. Soc, 1985, 107, 6678. 

Jonathan; Gordon; Dailey I. Chem. Phys, 19tf2, 36 1 2443; Cooper; ManattZ Am. Chem, Soc. 1969, 91, 6325. 
7 *See Herndon/. Am. Chem. Soc. 1973, 95, 2404; Hemdon; Ell2ey7. Am. Chem. Soc. 1974, 96, 6631. 
w Ret\ l,p. 9$. 
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be explained in a similar manner. Resonance energies for fused systems can be estimated 
by counting canonical forms, 77 

Not all fused systems can be fully aromatic. Thus for phenalene (29) there is no way 
double bonds can be distributed so that each carbon has one single and one double bond. 78 




29 30 



However, phenalene is acidic and reacts with potassium methoxide to give the corresponding 
anion (30), which is completely aromatic. So are the corresponding radical and cation, in 
which the resonance energies are the same (see p. 50) 79 

In a fused system there are not six electrons for each ring- 80 In naphthalene, if one ring 
is to have six, the other must have only four. One way to explain the greater reactivity of 
the ring system of naphthalene compared with benzene is to regard one of the naphthalene 
rings as aromatic and the other as a butadiene system. 81 This effect can become extreme, 
as in the case of triphenyiene, 82 For this compound, there are eight canonical forms like A, 




etc. 



A 



in which none of the three bonds marked a is a double bond and only one form (B) in which 
at least one of them is double. Thus the molecule behaves as if the 18 electrons were 
distributed so as to give each of the outer rings a sextet, while the middle ring is "empty 
Since none of the outer rings need share any electrons with an adjacent ring, they are as 
stable as benzene; triphenyiene, unlike most fused aromatic hydrocarbons, does not dissolve 
in concentrated sulfuric acid and has a low reactivity* 3 This phenomenon, whereby some 
rings in fused systems give up part of their aromaticity to adjacent rings, is called annellation 
and can be demonstrated by uv spectra 67 as well as reactivities. 

In this book we will use a circle to represent single aromatic rings (as, for example, in 
24), but will show one canonical form for fused ring compounds (e.g., 28), It would be 
misleading to use two circles for naphthalene, for example, because that would imply 12 
aromatic electrons, although naphthalene has only ten. 84 

"Swmborne-Sheldrake; Herndon Tetrahedron Lett. 1975, 755. 

*For reviews of phertatenes, see Murata Top. Nonbtnzenoid AromaL Chem. 1973, 1, 159-190; Reid Q. Rev., 
Chem. Soc. 1965, J9, 274-302. 

*PdtitX Am. Chem. Sac. 1960, 82, 1972. 

w For discussions of how the electrons in fused aromatic systems interact to form 4« -f 2 systems, see Glidewell; 
Lloyd Tetrahedron 1984, 40, 4455, /- Chem. Educ. 1986, 63, 306; Hosoya Top. Curr. Chem. 1990, J5J, 255. 
"Meredith; Wright Can. /. Chem. I960, 38, 1177. 

K For a review of triphenylenes, see Buess; Lawson Chem, Rev, I960, 60, 313-330. 
K Clar; Zander/, Chem. Sac. 1958, 1S6L 
"See BeHoIi Chem. Educ, 1983, 60, 190. 
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Five, Seven, and Eight-Membered Rings 

Aromatic sextets can also be present in five- and seven-membered rings, If a five-membered 
ring has two double bonds and the fifth atom possesses an unshared pair of electrons, the 
ring has five p orbitals that can overlap to create five new orbitals— three bonding and two 
antibonding (Figure 2,6). There are six electrons for these orbitals: the four p orbitals of 
the double bonds each contribute one and the filled orbital contributes the other two. The 
six electrons occupy the bonding orbitals and constitute an aromatic sextet. The heterocyclic 
compounds pyrrole, thiophene, and furan are the most important examples of this kind of 
aromaticity, although furan has a lower degree of aromaticity than the other two, 85 Reso- 




I 

H 

Pyrrole Thiophene Furan 

nance energies for these three compounds are, respectively, 21, 29, and 16 kcal/mol (88, 
121, and 67 kJ/mol), 86 The aromaticity can also be shown by canonical forms, e.g., for 
pyrrole: 




A 



In contrast to pyridine, the unshared pair in canonical structure A in pyrrole is needed for 
the aromatic sextet. This is why pyrrole is a much weaker base than pyridine. 

The fifth atom may be carbon if it has an unshared pair, Cyclopentadiene has unexpected 
acidic properties (p/C a 16) since on loss of a proton, the resulting carbanion is greatly 




FIGURE 2.6 Overlap of five p orbitals in molecules such as pyrrole, thiophene, and the cyclopen- 
tadienide ion. 

^he order of aromaticity of these compounds is benzene > thiophene > pyrrole > furan, as calculated by an 
aromaticity index based on bond distance measurements. This index has been calculated for 5- and 6-membered 
monocyclic and tricyclic heterocycles: Bird Tetrahedron im> 41, 1409; 1986, 42, 89; 1987, 43, 4725, 

"Ref. K p 99. See also Calderbank; Calvert; Lukins; Ritchie AusL L Chern. 1981, 34, 1835. 
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stabilized by resonance although it is quite reactive. The cyclopentadienide ion is usually 
represented as in 31. Resonance in this ion is greater than in pyrrole, thiophene, and furan, 
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base 
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— * Q 



etc. 




31 



since ali five forms are equivalent. The resonance energy for 31 has been estimated to be 
24-27 kcal/mol (100-113 kJ/mol). 87 That all five carbons are equivalent has been demon- 
strated by labeling the starting compound with ,4 C and finding all positions equally 
labeled when cyclopentadiene was regenerated. 88 As expected for an aromatic system, 
the cyclopentadienide ion is diatropic 89 and aromatic substitutions on it have been suc- 
cessfully carried out. 90 Indene and fluorene are also acidic (p/C a - 20 and 23, respec- 
tively) but less so than cyclopentadiene, since annellation causes the electrons to be less 

CF 3 CF, 





Fluorene 



H CF, 

32 



available to the five-membered ring. On the other hand, the acidity of 1,2,3,4,5- 
pentakis(trifluoromethyl)cyclopentadiene (32) is greater than that of nitric acid, because 
of the electron-withdrawing effects of the triflouromethyl groups (see p. 264). 

In sharp contrast to cyclopentadiene is cycloheptatriene (33), which has no unusual 
acidity. This would be hard to explain without the aromatic sextet theory, since, on the 



0" 





33 

basis of resonance forms or a simple consideration of orbital overlaps, 34 should be as stable 
as the cyclopentadienyl anion (31). While 34 has been prepared in solution, 92 it is less stable 
than 31 and far less stable than 35, in which 33 has lost not a proton but a hydride ion. The 
six double-bond electrons of 35 overlap with the empty orbital on the seventh carbon and 
there is a sextet of electrons covering seven carbon atoms. 35, known as the tropylium ion, 
is quite stable, 93 Tropylium bromide, which could be completely covalent if the electrons 
of the bromine were sufficiently attracted to the ring, is actually an ionic compound: 



^Bordwell; Drucker; Fried J. Org. Chem. 1981, 46, 632. 

^kachuk; Lee Can. J. Chem, 1959* 37, 1644. 

*»Bradamante; Marchesini; Pagani Tetrahedron Lett. 1971, 462L 

^Webster J. Org. Chem. 1967, 32, 39; Rybinskaya; Korneva Russ. Chem. Rev. 1971, 40, 247-255, 
»Laganis; Lercal /. Am. Chem. Soc. 1980, 102 1 6633. 

«Dauben; Rifi /- Am. Chem. Soc. 1963, £5, 3041; also see Breslow; Chang/. Am Chem. Soc 1965, ^2200- 
"For reviews, see Pietra Chem. Rev. 1973, 73, 293-364; BerteHa Top. Nonbenzenoid AromaL Chem. 1973, J, 29- 

46; Kolommkova; Parnes Russ. Chem, Rev. 1967, 36, 735-753; Harmon, in Olah; ScWeycr, Carbomum Ions, vol. 4; 

Wiley: New York, 1973, pp. 1579-1641. 

*Doermg; Knox J. Am. Chem. Soc. 1954, 76, 3203. 
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Just as with 31, the equivalence of the carbons in 35 has been demonstrated by isotopic 

^Another seven-merabered ring that shows some aromatic character is tropone (36). This 
molecule would have an aromatic sextet if the two 0=0 electrons stayed away from the 
ring and resided near the electronegative oxygen atom. In fact, tropones are stable com- 



9 



36 




OH 



pounds, and tropolones (37) are found in nature.* However, analyses of dipole moments, 
nmr spectra, and x-ray diffraction measurements show that tropones and tropolones display 
appreciable bond alternations. 97 These molecules must be regarded as essentially nonaro- 
rnatic, although with some aromatic character. Tropolones readily undergo aromatic sub- 
stitution, emphasizing that the old and the new definitions of aromaticity are not always 
parallel. In sharp contrast to 36, cyclopentadienone (38) has been isolated only m an argon 





3g Ferrocene 



matrix below 38 K. 9S Above this temperature it dimerizes. Many earlier attempts to prepare 
it were unsuccessful." As in 36, the electronegative oxygen atom draws electron to itself, 
but in this case it leaves only four electrons and the molecule is unstable. Some derivatives 
of 38 have been prepared. 99 

Another type of five-membered aromatic compound is the metallocenes (also called 
sandwich compounds), in which two cyclopentadienide rings form a sandwich around a 
metallic ion. The best known of these is ferrocene, although others have been prepared 



"VcTom- Kursanov; Shemyakin; Maimind; Neiman J, Gen. Chem. USSR 1959, 29 3667. 

"For reviews ^tro^nes and tropolones, see Pietra Acc. Chem. Res. 1979, 12, 132-138; Nozoe Pure A PP L Chem. 

W1 4tS, Andrews J. Am. Chem. Sac 1969, 91 5280;, BerteHi; Andrews; Crews J Am^n 

5286; Schaefer; Reed J. Am. Chem. Soc. 1971, 93, 3902; Walton; HamorX Chem. Soc. B 1971, 2167, Barrow. Mills, 

Filippini J. Chem. Soc, Chem. Commim. 1973,66. 

*»Maier Franz; Hartan; Lanz; Reisenauer Chem. Ber. 1985, 118, 3196. 

"For a review of cyclopentadienone derivatives and of attempts to prepare the parent compound, see Ogliaruso, 
RomaneM; Becker Chem. Rev. 1965, 65, 261-367. 
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with Co, Ni, Cr, Ti, V, and many other metals. 100 Ferrocene is quite stable, subliming above 
100°C and unchanged at 400°C. The two rings rotate freely. 101 Many aromatic substitutions 
have been carried out on metallocenes. 102 Metalloceaes containing two metal atoms and 
three cyclopentadtenyl rings have also been prepared and are known as triple-decker sand- 
wiches.™ Even tetradecker, pentadecker, and hexadecker sandwiches have been reported. 

The bonding in ferrocene may be looked upon in simplified molecular-orbital terms as 
follows. 105 Each of the cyclopentadienide rings, has five molecular orbitals— three filled 
bonding and two empty antibonding orbitals (p. 45). The outer shell of the Fe atom possesses 
nine atomic orbitals, i.e., one 4s, three 4p, and five 3d orbitals. The six filled orbitals of the 
two cyclopentadienide rings overlap with the 5, three p, and two of the d orbitals of the Fe 
to form twelve new orbitals, six of which are bonding. These six orbitals make up two 
ring-to-metal triple bonds. In addition further bonding results from the overlap of the empty 
antibonding orbitals of the rings with additional filled d orbitals of the iron. All told, there 
are eighteen electrons (ten of which may be considered to come from the rings and eight 
from iron in the zero oxidation state) in nine orbitals; six of these are strongly bonding and 
three weakly bonding or nonbonding. 

The tropylium ion has an aromatic sextet spread over seven carbon atoms. An analogous 
ion with the sextet spread over eight carbon atoms, is 1,3,5,7-tetramethylcyclooctatetraene 




39 



dictation (39). This ion, which is stable in solution at ~50°C, is diatropic and approximately 
planar. 39 is not stable above about -30°C 106 



Other Systems Containing Aromatic Sextets 

Simple resonance theory predicts that pentalene (40), azulene (41), and heptalene (42) 
should be aromatic, although no nonionic canonical form can have a double bond at the 

""For a monograph on metallocenes. see Rosenbhim Chemistry of the iron Group Metallocenes; Wiley: New York, 
1965 For reviews, see Lukehart Fundamental Transition Metal Organometaltic Chemistry; Brooks/Cole: Monterey, 
CA 1985 pp. 85-318; Lemenovskii; Fedin Russ. Chem. Rev. 1986, 55. 127-142; Sikora; Macomber; Rausch Adv. 
Organomet Chem. 1986, 25, 317-379; Pauson, Pure AppL Chem. 1977, 49, 839-855; Nesmeyanov; Kocbetkova /fca 
Chem Rev 1974, 43, 710-715; Shul'pin; Rybinskaya Run. Chem. Rev. 1974, 43 . 716-732; Perevalova; Nifatina 
Ormnomet. React. 1972, 4. 163-419; Bublitz; Rinehart Org. React. 1969, 17, 3-154; Leonova; Kocbetkova Russ. Chem. 
Ret. 1973, 42. 278-292; Rausch Pure Appt. Chem. 1972, 30. 523-538. For a bibliography of reviews on metallocenes, 
see Bruce Adv. Orgmomet. Chem. 1972, 10, 273-346, pp. 322-325. 

M1 For a discussion of the molecular structure, see Haaland Acc. Chem. Res. 1979, 12, 4 1>422. 

,fo For a review on aromatic substitution on ferrocenes, see Plesske Angew. Chem. Int. Ed. Engl. 1962, /, 31* 
327, 394-399 \Angew. Chem. 74, 301-316. 347-352]. 

'"For a review, see Werner Angew. Chem. Int. Ed. Engl. 1977, 16, 1-9 [Angew. Chem. 89. MO] 

'"See, for example, Siebert Angew. Chem. Int. Ed. Engl. 198S, 24, 943-958 [Angew. Chem. 97, 924-939]. 

lw Rosenblum Ref. 100, pp. 13-28; Coates; Green; Wade Organometallic Compounds, 3rd ed., vol. 2; Methuen". 
London, 1968, pp. 97-104; Grebenik; Grintcr; Perutz Chem. Soc. Rev.im, 17. 453-490; pp. 460-464. 

'"This and related ions were prepared by Olah; Staral; Liang; Paquette; Melega; Carmody J. Am. Chem Soc. 
1977, 99, 3349. See also Radom; Schacfer/. Am. Chem. Soc. 1977, 99, 7522; Olah; Liang J. Am. Chem. Soc. 1976, 
98, 3033; Wiliner; Rabinovitz Nouv. J. Chim. 1982, 6, 129. 
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ring junction. Molecular-orbital calculations show that azulene should be stable but not the 
other two, and this is borne out by experiment. Heptalene has been prepared 107 but reacts 
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readily with oxygen, acids, and bromine, is easily hydrogenated, and polymerizes on stand- 
ing. Analysis of its amr spectrum shows that it is not planar. 108 The 3,8-dibromo and 
3,8-dicarbomethoxy derivatives of 42 are stable in air at room temperature but are not 
diatropic^A number of methylated heptalenes and dimethyl 1,2-heptalenedicarboxylates 
have also been prepared and are stable nonaromatic compounds. 110 Pentalene has not been 
prepared, 111 but the hexaphenyl 112 and 13,5-tri^butyl derivatives 113 are known. The former 
is air-sensitive in solution. The latter is stable, butx-ray diffraction and photoelectron spectral 
data show bond alternation, 114 Pentalene and its methyl and dimethyl derivatives have been 
formed in solution, but they dimerize before they can be isolated. 115 Many other attempts 
to prepare these two systems have failed. 

In sharp contrast to 40 and 42 5 azulene, a blue solid, is quite stable and many of its 
derivatives are known, 116 Azulene readily undergoes aromatic substitution. Azulene may 
be regarded as a combination of 31 and 35 and, indeed, possesses a dipoie moment of 0.8 





43 

D. m interestingly, if two electrons are added to pentalene, a stable dianion (43) results. 118 
It can be concluded that an aromatic system of electrons will be spread over two rings only 
if 10 electrons (not 8 or 12) are available for aromatirity, 

lfl7 Dauben; BerteiU 3. Am. Chem. Soc. 1961, S3, 4659; Vogel; Konigshofen; Wassen; Mullen; Oth Angew. Chem. 
Int. Ed. EngL 1974, 13, m{Angew, Chem. 86, 777]; Fuquette; Browne; Chamot Angew. Chem. Int. Ed. EngL 1919, 
18 546 [Angew. Chem. 91. 581]. For a review of heptalenes, see Paquette Isr. J. Chem. 1980, 20. 233-239, 
' "*Bertelh\ in Bergmann; Pullman, ReL 55, p. 326. See also Stegemann; Lindner Tetrahedron Lett 1977, 2515. 

««Voget; Ippen Angew. Chem. Int. Ed. EngL 1974, 13, 734 [Angew. Chem, 86, 778]; Vogel; Hogrefe Angew. 
Chem. Int. Ed, EngL 15*74, 13, 735 [Angew. Chem, 86, 779], 

»*Hafner; Knaup; Lindner BulL Soc, Ckem. Jpn. 1988, 61 1 155. 

m Metal complexes of pentalene have been prepared: Knox; Stone Acc. Chem. Res. 1974, 7, 321-328, 
JB UGoff J. Am. Chem. Soc. 1962, 84, 3975, See also Hafner; Bangert; Orfanos Angew. Ckem. Int. Ed. EngL 
1967, 6, 451 [Angew. Chem. 79, 414]; Hartke; Matusch Angew. Ckem. Int. Ed. EngL 1972, 1U 50 [Angew. Chem. 

84% mjiafncr; Suss Angew. Chem. Int. Ed. EngL 1973, 12, 575 [Angew. Chem. 85, 626). See also Hafner; Suda 
Angew, Chem. Int. Ed. EngL 1976, IS. 314 [Angew. Chem. 88, 341]. 

ll4 FGtschke; Lindner Tetrahedron Lett. 1977, 2511; Bischof; Oieiter; Hafner; Knauer; Spanget^Larsen; Suss Chem. 
Ber. 1978, 111,932. m „ a 

" s £loch; Marty; de Mayo/. Am, Chem, Soc. 1971, 93, 3071; BulL Soc. Ckim. Fr. 1972, 2031; Hafner; Donges; 
Goedecke; Kaiser Angew. Chem. Int. Ed. EngL 1973, 12, 337 [Angew. Chem. 85, 362]. 

"*For a review on azulene, see Mochalin; Porshnev Russ. Ckem. Rev. 1977, 46, 530-547. 

ll7 Tobler; Bauder; Gunthard /. MoL Spectrosc. 1965, lS y 239, 

iW Katt; Rosenberger; O'Hara /. Am. Chem. Soc. 1964, 86, 249. See also Wfflner; Becker; Rabinovitz J . Am. 
Chem. Soc. 1979, 7^7, 395. 
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Alternant and Nonaltemant Hydrocarbons 119 

Aromatic hydrocarbons can be divided into two types. In alternant hydrocarbons, the con- 
jugated carbon atoms can be divided into two sets such that no two atoms of the same set 
are directly linked. For convenience one set may be starred. Naphthalene is an alternant 
and azulene a nonaltemant hydrocarbon: 

.CO CO - -co 

In alternant hydrocarbons, the bonding and antibonding orbitals occur in pairs; Le,, for 
every bonding orbital with an energy -E there is an antibonding one with energy +E 
(Figure 2,7 120 ). Even-alternant hydrocarbons are those with an even number of conjugated 
atoms, i.e., an equal number of starred and unstarred atoms. For these hydrocarbons all 
the bonding orbitals are filled and the ir electrons are uniformly spread over the unsaturated 
atoms. 

As with the allylic system, odd-alternant hydrocarbons (which must be carbocations, 
carbanions, or radicals) in addition to equal and opposite bonding and antibonding orbitals 
also have a nonbonding orbital of zero energy. When an odd number of orbitals overlap, 
an odd number is created, Since orbitals of alternant hydrocarbons occur in - E and + E 
pairs, one orbital can have no partner and must therefore have zero bonding energy. For 
example, in the benzylic system the cation has an unoccupied nonbonding orbital, the free 
radical has one electron there and the carbanion two (Figure 2.8). As with the allylic system, 

a 

all three species have the same bonding energy. The charge distribution (or unpaired-electron 
distribution) over the entire molecule is also the same for the three species and can be 
calculated by a relatively simple process. U9 
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FIGURE 2.7 Energy levels in odd- and even-alternant hydrocarbons. 120 The arrows represent elec- 
trons. The orbltafs are shown as having different energies, but some may be degenerate, 

lw For discussions, see Jones Physical and Mechanistic Organic Chemistry, 2nd ed-; Cambridge University Press; 
Cambridge, 1984, pp. 122429; Dewar Prog. Org. Chem. 1953,2, 1-28. 
"Taken from Dewar, Ref. 119, p. 8. 
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FIGURE 2,8 Energy levels for the benzyl cation, free radical and carbanion. Since a is the energy 
of a p orbital (p. 30), the nonbonding orbital has no bonding energy. 

For nonalternant hydrocarbons the energies of the bonding and antibonding orbitals are 
not equal and opposite and charge distributions are not the same in cations, anions, and 
radicals. Calculations are much more difficult but have been carried out 121 



Aromatic Systems with Electron Numbers Other than Six 

Ever since the special stability of benzene was recognized, chemists have been thinking 
about homologous molecules and wondering whether this stability is also associated with 
rings that are similar but of different sizes, such as cyclobutadiene (44), cyclooctatetraene 
(45), cyclodecapentaene 122 (46), etc. The general name annulene is given to these compounds, 

a Q 

44 45 46 

benzene being [6]annulene, and 44 to 46 being called, respectively, [4] , [8], and [10]annulene, 
By a naive consideration of resonance forms, these annulenes and higher ones should be 
as aromatic as benzene. Yet they proved remarkably elusive. Hie ubiquitous benzene ring 
is found in thousands of natural products, in coal and petroleum, and is formed by strong 
treatment of many noncyclic compounds. None of the other annulene ring systems has ever 
been found in nature and, except for cyclooctatetraene, their synthesis is not simple. Ob- 
viously, there is something special about the number six in a cyclic system of electrons, 

HuckeVs rule, based on molecular-orbital calculations, 123 predicts that electron rings will 
constitute an aromatic system only if the number of electrons in the ring is of the form 

^Peters J. Chem. Sac, 1958, 1023, I028> 1039; Brown; Burden; Williams Am. J. Chem. 19*8, 21, 1939. For 
reviews, sec Zahtadnik, in Snyder, Ref. 55, vol. 2, pp, 1-80; Zahradnik Angew. Chem. Int. Ed. Engl 1965, 4, 1039- 
1050 [Angew. Chem. 77, 1097^1109), 

^^The cyclodecapentaene shown here is the tis-trans-cis-cisHrans form. For other stereoisomers, see p. 58. 

^For reviews of molecular-orbital calculations of nonbenzenoid cyclic conjugated hydrocarbons, see Nakajima 
PureAppI. Chem. 1971, 28, 219-238; Fortschr. Chem. Fvrsch* 1972, 32 1 1-42, 
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4n + 2, where n is zero or any position integer. Systems that contain 4n electrons are 
predicted to be nonaromatic. The rule predicts that rings of 2, 6, 10, 14, etc., electrons will 
be aromatic, while rings of 4, 8, 12, etc., will not be. This is actually a cooseqwnoc o 
Hund's rule The first pair of electrons in an annulene goes into the it orbital of lowest 
energy. After that the bonding orbitals are degenerate and occur in pairs of equal energy. 
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When there is a total of four electrons, Hund's rule predicts that two will be in the lowest 
orbital but the other two will be unpaired, so that the system will exist as a diradical rather 
than as two pairs. The degeneracy can be removed if the molecule is distorted from maximum 
molecular symmetry to a structure of lesser symmetry. For example, if 44 assumes a rec- 
tangular rather than a square shape, one of the previously degenerate orbitals has a lower 
energy than the other and will be occupied by two electrons. In this case, of course, the 
double bonds are essentially separate and the molecule is still not aromatic. Distortions of 
symmetry can also occur when one or more carbons are replaced by hetero atoms or m 

In the following sections systems with various numbers of electrons are discussed. When 
we look for aromaticity we look for: (1) the presence of a diamagnetic ring current; (2) 
equal or approximately equal bond distances, except when the symmetry of the system is 
disturbed by a hetero atom or in some other way; (3) planarity; (4) chemical stability; (5) 
the ability to undergo aromatic substitution. 

Systems of Two Electrons 135 

Obviously there can be no ring of two carbon atoms though a double bond may be regarded 
as a degenerate case. However, in analogy to the tropylium ion, a three-membered ring 
with a double bond and a positive charge on the third atom (the cyclopropenyl cation) is a 
4n + 2 system and hence is expected to show aromaticity. The unsubstituted 47 has been 
prepared, 126 as well as several derivatives, e.g., the trichloro, diphenyl, and dipropyl denv- 
atives and these are stable despite the angles of only 60°. In fact, the tripropylcyclopropenyP 
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'"For a discussion, see Hoffmann Chem. Commtm. 1969, 240. 

*For "=views, see Billups; Moorehead, in Rappoport The Chemistry of the Cyctopropy '. Group pi. 2; Wiley. 
New York 1987 oo 1533-1574; Potts; Baum Chem. Rev. 1974, 74, 189-213; Yoshida Top. Curr. Chem. 1973, 40, 
4>^ D'ykkonov; Kostikov Russ. Chem. Rev. 1967, 36, 557-563; Closs Adv. Atkyclic Chem. 1966, 1, 53427, pp. 
102-126; Krebs Angew. Chem. int. Ed Engl. 1965, 4, 10-22 [Angew. Chem. 77, 10-22]. 

«*Bres!ow; Groves; Ryan J. Am. Chem. Soc. 1967, 89, 5048; Farmum, Mehta; Silberman J. Am. Chem. Soc. 
1967, 89, 5048- Breslow; Groves J. Am. Chem, Soc. 1970, 92, 984. 

"^Breslow; Hover; Chang/. Am. Chem. Soc. 1962, 84, 3168. 
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and tricyclopropylcyclopropenyl 128 cations are among the most stable carbocations known, 
being stable even in water solution. The tri-f-butylcyclopropenyl cation is also very stable. 129 
In addition, cyclopropenone and several of its derivatives are stable compounds, 130 in accord 
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with the corresponding stability of the tropones. 131 The ring system 47 is nonaltemant and 
the corresponding radical and anion (which do not have an aromatic duet) have electrons 
in antibonding orbitais, so that their energies are much higher. As with 31 and 35, the 
equivalence of the three carbon atoms in the triphenylcyciopropenyl cation has been dem- 
onstrated by U C labeling experiments, 132 The interesting dications 48 (R - Me or Ph) have 
been prepared, 133 and they too should represent aromatic systems of two electrons. 134 



Systems of Four Electrons, Antiaromaticity 

The most obvious compound in which to look for a closed loop of four electrons is cyclo 
butadiene (44). 135 Huckel's rule predicts no aromatic character here, since 4 is not a number 
of the form 4n -f 2. There is a long history of attempts to prepare this compound and its 
simple derivatives, and, as we shall see, the evidence fully bears out Huckel's prediction— 
cyclobutadtenes display none of the characteristics that would lead us to call them aromatic. 
More surprisingly, there is evidence that a closed loop of four electrons is actually anti- 
aromatic™ If such compounds simply lacked aromaticity, we would expect them to be about 
as stable as similar nonaromatic compounds, but both theory and experiment show that 
they are much less stable™ 1 An antiaromatic compound may be defined as a compound that 
is destabilized by a closed loop of electrons, 

After years of attempts to prepare cyclobutadiene, the goal was finally reached by Pettit 
and co-workers. 138 It is now clear that 44 and its simple derivatives are extremely unstable 

^Komatsu; Tomioka; Okamoto Tetrahedron Lett. 1980, 27, 947; Moss; Shen; Krogh-Jespersen; Polenza; Shugar; 
UunMJ.Am. Chem, Soc. 1986, 108 > 134. 

^Ciabattoni; Nathan J. Am. Chem. Soc. 1968, 90, 4495. 

m Stt, for example, Kursanov; VoTpin; Koreshkov /. Gen, Chem. USSR 1960, 30, 2855; Breslow; Oda J. Am, 
Chem, Soc. 1972, 94, 4787; Yoshida; Konishi; Tawara; Ogoshi /. Am. Chem. Soc. 1973, 95 , 3043; Ref. 129. 

l31 For a reveiw of cyclopropenones, see Eicher; Weber Top. Curr. Chem, Soc, 1975, 57, 1-109. For discussions 
of cyclopropenone structure, see Shafer; Schweig; Maier; Sayrac; Crandall Tetrahedron Lett 1974, 1213; Tobey, in 
Bergmann; Pullman, Ref. 55, pp. 351-362; Greenberg; Torokirts; Dobrovolny; Liebman J. Am. Chem. Soc, 1983, 
105, 6855, 

^D'yakonov; Kostikov; Molchanov J, Org. Chem. USSR 1969,3, 171; 1970, 6, 304. 

,5J Freedman; Young J. Am, Chem, Soc. 1964, 86, 734; Olah; Bollinger; White /. Am. Chem. Soc, 1969, 91, 3667; 
Olah; Mateescu J. Am. Chem. Soc. 1970, 92, 1430; Olah; StaraU Am. Chem. Soc, 1976, 98, 6290, See also Lambert; 
Holcomb J. Am. Chem, Soc. 1971, 93, 2994; Seitz; Schmiede); Mann Synthesis 1974, 578. 

^See Pittman; Kress; Kispert J. Org. Chem. 1974, 59, 378- See, however, Krogh-Jespersen; Schleyer; Popie; 
Cremer/, Am. Chem. Soc. 1978, 100, 4301. 

^For a monograph, see Cava; Mitchell Cyclobutadiene and Related Compounds*, Academic Press: New York, 
1967. For reviews, see Maier Angew, Chem, Int. Ed. EngL 1988, 27, 309-332 [Angew, Chem. 200, 317-341]; 1974, 
J3, 425^438 [Angew, Chem. 86, 491*505); Batty; Nfasamune Tetrahedron 1980, 36, 343*370; Vollhardt Top, Curr. Chem. 
1975, 59, 113-136. 

m Fqr reviews of antiaromaticity, see Glukhovtsev; Simkin; Minkin; Russ. Chem. Rev. 1985, 54, 54-75; Bresiow 
Pure AppL Chem. 1971, 28, 111430; Acc. Chem. Res. 1973, 6, 393-398; Chem. Br, 1968, 4, 100; Angew. Chem. Int. 
Ed. EngL 1968, 7, 565-570 {Angew, Chem, BO, 573-578]. 

l37 For a discussion, see Bauld; Welsher; Cessac; HoUoway J. Am. Chem. Soc. 1978 t 100, 6920. 

^Watis; Fitzpatriek; Pettit /. ,4m. Chem. Soc, 1965, 87, 3253, 1966, 88, 623. See also Cookson; Jones /, Chem. 
Soc. 1965, 1881. 
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compounds with very short lifetimes (tfaey dimerize by a Diels- Alder reaction; see 5-47) 
unless they are stabilized in some fashion, either at ordinary temperatures embedded in the 
cavity of a hemicarcerand I3Sa (see the structure of a carcerand, 30 on p. 89), or in matrices 
at very iow temperatures (generally under 35 K), In either of these cases, the cyclobutadiene 
molecules are forced to remain apart from each other, and other molecules cannot get in. 
The structures of 44 and some of its derivatives have been studied a number of times using 
the low-temperature matrix technique. 139 The ground-state structure of 44 is a rectangular 
diene (not a diradical) as shown by the infrared (ir) spectra of 44 and deuterated 44 trapped 
in matrices 140 as well as by a photoelectron spectrum. 141 Molecular-orbital calculations 
agree. 142 The same conclusion was also reached in an elegant experiment in which 
1,2-dideuterocyclobutadiene was generated, If 44 is a rectangular diene, the dideutero com- 
pound should exist as two isomers: 



and 



D 



The compound was generated (as an intermediate that was not isolated) and two isomers 
were indeed found. 143 The cyclobutadiene molecule is not static, even in the matrices. There 
are two forms (44a and 44b) which rapidly interconvert 144 




There are some simple cyclobutadienes that are stable at room temperature for varying 
periods of time. These either have bulky substituents or carry certain other stabilizing 
substituents. Examples of the first type are tri-r-butylcyclobutadiene (49) 145 and the dithia 
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^Cram; Tanner; Thomas Angew. Chem. bit Ed. Engl 1991,30, 1024 [Angew. Chem. 103 } 1048). 

^See, for example, Lin; KrantzX Chem. Soc, Chem, Commun. 1972, 1111; Chapman; Mcintosh; Pacansky /. 
Am.Chem, Soc, 1973, 95, 614;Maier;Mende Tetrahedron Lett. 1969,3155. For a review, see Sheridan Org. Photochem. 
1987, S, 159-248; pp. 167-181. 

"Masamtme; Souto-Bachiller; Machiguchi; Bertie/. Am. Chem, Soc. 1978, 100, 48S9. 

Ml Kreile; Munzel; Schweig; Specht Chem. Phys. Lea. 1986, 124, 140. 

14I See, for example, Borden; Davidson; Hart /. Am. Chem. Soc. 1978, 100, 388; Kollmar; Staemmler J. Am. 
Chem. Soc. 1978, 100, 4304; Jafri; Newton/. Am. Chem. Soc. 1978, 100, 5012; Ermer; Heiibronner Angew. Chem. 
Int. Ed. Engl 1983, 22, 402 [Angew. Chem. 95, 414; Voter; Goddard /. Am. Chem. Soc, 1986, 108, 2830. 

^Whitman; Carpenter/. Am. Chem. Soc. 1980, 102, 4272. See also Whitman; Carpenter J. Am. Chem. Soc. 
1982, 104, 6473. 

"•Carpenter /. Am. Chem. Soc. 1983, 105 , 1700; Huang; WoIfsbergJ. Am, Chem. Soc. 1984, 106, 4039; Dewar; 
Merz; Stewart J, Am, Chem, Soc. 1984, 106, 4040; Orendt; Arnold; Radziszewski; Faceili; Malsch; Strub; Grant; 
Michl J. Am. Chem. Soc. 1988, 110, 2648. See, however, Arnold; Rad2is?_ewski; Campion; Perry; Mich! X Am. Chem, 
Soc. 1991, 113, 692. 

^Masamune; Nakarrmra; Suda; Ona /. Am. Chem. Soc. 1973, 95, 8481; Maier; Alzerreea Angew. Chem. Int. 
Ed. Engl 1973, 12, 1015 [Angew. Chem. 85, 1056]. For a discussion, see Masamune PureAppl. Chem. 1975, 44, 861- 
884. 
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no aromatic quartet. In fact, these cyclobutadiene-metal complexes can be looked upon as 
systems containing an aromatic duet. The ring is square planar, 156 the compounds undergo 



aromatic substitution, 157 and nmr spectra of monosubstituted derivatives show that the C-2 
and 04 protons are equivalent. 157 

Two other systems that have been studied as possible aromatic or antiaromatic 
four-electron systems are 52 and 53. 15S In these cases also the evidence supports antiaro- 
maticity, not aromaticity. With respect to 52, HMO theory predicts that an unconjugated 
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54 52 53 

54 (Le, t a single canonical form) is more stable than a conjugated 52, 159 so that 54 would 
actually lose stability by forming a closed loop of four electrons. The HMO theory is 
supported by experiment. Among other evidence, it has been shown that 55 (R ~ COPh) 
loses its proton in hydrogen-exchange reactions about 6000 times more slowly than 56 

Ph Pti 

H X 

Ph Ph 

55 56 

(R COPh), 160 Where R CN, the ratio is about 10,000. 161 This indicates that 55 are 
much more reluctant to form carbanions (which would have to be cyclopropenyl carbanions) 
than 56, which form ordinary carbanions. Thus the carbanions of 55 are less stable than 
corresponding ordinary carbanions. Although derivatives of cyclopropenyl anion have been 
prepared as fleeting intermediates (as in the exchange reactions mentioned above), all 
attempts to prepare the ion or any of its derivatives as relatively stable species have so far 
met with failure, 162 

In the case of 53, the ion has been prepared and has been shown to be a diradical in the 
ground state, 163 as predicted by the discussion on p. 52, 164 Evidence that 53 is not only 

^Dodge; Schomaker Acta CrystaUogr. 1965, 18, 614; Nature I960, 186, 798; OuniU; Mes; Mais; Shearer HeW. 
Chim. Acta 1962, 45 647; Yarmoni; Ceasar; Dailey J. Am. Chem. Sac. 19£7, 89, 2833. 

^Fitzpatrick; Watts; Emerson; Fettit /. Am. Chem. Soc. 1965, 87, 3255. For a discussion, see Pettlt Organomet 
Chem. 1975, 100, 205-217. 

^or a review of cycbpentadtenyl cations, see Bresiow Top. Nonbenzenoid Aromat. Chem. 1973, h 81-94, 

**aark Chem. Commun. 1969, 637; Ref. 136. 

^Bresiow; Brown; Gajewski A Am, Chem, Soc, 1967, 89, 4383. 

'"Bresiow; Douek/> Am. Chem. Soc, 1968, 90, 2698. 

lw See, for example, Bresiow; Cortes; Juan; Mitchell Tetrahedron Lett 1982*25, 795. A triphenyjcyclopropyi anion 
has been prepared in tbe gas phase, with a lifetime of 1-2 seconds: Bartmess; Kester; Borden; Koser Tetrahedron 
Lett. 1986, 27, 5931, 

launders; Berger; Jaffe; McBride; O'Neill; Bresiow; Hoffman; Perchoaocfc; Wasserman; Button; Kuck J. Am. 
Chem. Soc. 1973, 95, 3017. 

^Derivatives of 53 show similar behavior; Bresiow; Oiang; Yager L Am. Chem. Soc. 1963, 85 , 2033; Volz 
Tetrahedron Lett, 1864, 1899; Bresiow; Hill; Wasserman J. Am. Chem. Soc. 1964, 86, 5349; Bresiow; Chang; Hill; 
Wasserman J, Am. Chem. Soc. 1967, 89, 1112; Gompper; Glockner Angew, Chem. Int. Ed. EngL 1984, 25, 53 [Angew. 
Chem. 9o\ 48). 
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nonaromatic but also antiaromatic comes from studies on 57 and 59. 165 When 57 is treated 
with silver perchlorate in propionic acid, the molecule is rapidly solvolyzed (a reaction in 

57 58 59 53 

which the intermediate 58 is formed; see Chapter 5), Under the same conditions, 59 under- 
goes no solvolysis at ail; i.e., S3 does not form. If 53 were merely nonaromatic, it should 
be about as stable as 58 (which of course has no resonance stabilization at all). The fact 
that it is so much more reluctant to form indicates that 53 is much less stable than 58. 

It is strong evidence for Huckel's rule that 52 and 53 are not aromatic while the cyclo- 
propenyl cation (47) and the cyclopentadienyl anion (31) are, since simple resonance theory 
predicts no difference between 52 and 47 or 53 and 31 (the same number of equivalent 
canonical forms can be drawn for 52 as for 47 and for 53 as for 31). 

In compounds in which overlapping parallel p orbitals form a closed loop of An * 2 
electrons, the molecule is stabilized by resonance and the ring is aromatic. But the evidence 
given above (and additional evidence discussed below) indicates that when the closed loop 
contains An electrons, the molecule is destabilized by resonance. In summary, 44, 52, and 
53 and their simple derivatives are certainly not aromatic and are very likely antiaromatic. 



Systems of Eight Electrons 

Cyclooctatetraene 166 (45) is not planar but tub-shaped. 167 Therefore we would expect that 
it is neither aromatic nor antiaromatic, since both these conditions require overlap of parallel 
p orbitals. The reason for the lack of planarity is that a regular octagon has angles of 135°, 




45 



while sp 2 angles are most stable at 120°. To avoid the strain, the molecule assumes a nonplanar 
shape, in which orbital overlap is greatly diminished. 168 Single- and double-bond distances 
in 45 are, respectively, 1,46 and 1.33 A, which is expected for a compound made up of four 
individual double bonds. 167 The reactivity is also what would be expected for a linear polyene. 
* However, the cyclooctadiendiynes 60 and 61 are planar conjugated eight-electron systems 
(the four extra triple-bond electrons do not participate), which nmr evidence show to be 

lt5 Breslow; Mazuri. Am. Chem. Sac. 1973, 95, 584; Breslow; Holfman J. Am, ChenuSoc. 1972, 94 y 2110. For 
further evidence, see Lossing; Treager L Am. Chem. Sac. 1975, 97, 1579. See also Breslow; Canary J. Am. Chem. 
Soc. 199h US, 3950. 

166 For a monograph, see Fray; Saxtoti The Chemistry of Cych-octatetraene and its Derivatives; Cambridge University 
Press: Cambridge, 1978. For a review, see Paquette Tetrahedron 1975, 31 1 2S55-2883. For reviews of heterocyclic Sir 
systems, see Kaim Rev. Chem. Intermed. 19$?, 8, 247-286; Schmidt Angew. Chem. Int. Ed. Engl 197$, 14, 581-591 
[Angew, Chem. 87, 603-6 13 J. 

** 7 Bastiansen; Hedberg; HedbergA Chem. Pkys. 1957 \27, 1311. 

"•The compound perfluorotctracyciobutacyclooctatetraene has been found to have a pianar cyclooctatetraene nng, 
although She corresponding tetracyclopenta analog is nonplanar; Einstein; Willis; Cullen; Souien^ Chem. Soc, Chem. 
Commun. 1981, 526. See also Paquette; Wang; Cottrell /. Am. Chem. Soc. 1987, 109, 3730. 
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antiaromatic, 169 There is evidence that part of the reason for the lack of planarity m 45 itself 
is that a planar molecular would have to be antiaromatic, 170 The cycloheptatrienyl anion 
(34) also has eight electrons but does not behave like an aromatic system. 92 The nmr spectrum 




of the benzocycloheptatrienyl anion (62) shows that, like 49, 60, and 61, this compound is 
antiaromatic, 171 



Systems of Ten Electrons 172 

There are three geometrically possible isomers of [10]annulene— the all-cis (63), the 
mono-trans (64), and the dsHxans-cis-cis-trans (46), If Hiickers rule applies, they should 




46 63 64 



be planar, But it is far from obvious that the molecules would adopta planar shape, since 
they must overcome considerable strain to do so. For a regular decagon (63) the angles 
would have to be 144% considerably larger than the 120° required for sp 2 angles. Some of 
this strain would also be present in 64 but this kind of strain is eliminated in 46 since all the 
angles are 120°. However, it was pointed out by Mislow 173 that the hydrogens in the 1 and 
6 positions should interfere with each other and force the molecule out of planarity. 

Compounds 63 and 64 have been prepared 174 as crystalline solids at -8G°C Nmr spectra 
show that all the hydrogens lie in the olefinic region and neither compound is aromatic, 
From 13 C and proton nmr spectra it has been deduced that neither is planar. However, that 
the angle strain is not insurmountable has been demonstrated by the preparation of several 
compounds that have large angles but that are definitely planar lOeiectron aromatic systems. 



16 »For a review, see Huang; Sondheimer Acc, Chem. Res. 1982, 15, 96-102- See also Durr; Klauck; Peters; von 
Severing Angew. Chem. Int. Ed. EngL 1983, 22, 332 [Angew. Chem. 95, 3211; Chan; Mak; Poon; Wong; Jia; Wang 
Tetrahedron im> 42 < 655. 

,7e Ftgeys; Dralants Tetrahedron Lett 1971, 3901; Buchanan Tetrahedron Lett. 1972, 665. 

™Statey; Orveda! J. Am. Chem. Soc, 1973, 95, 33S2. 

m For reviews see Kemp Jones; Masamune Tap. Nonbenzenoid Aromat. Chem. 1973, L 121-157; Masamune; 
Darby Acc. Chem. Res. 1972, 5, 272-281; Burkoth; van Tameien, in Snyder, Rcf. 55, vol. 1, pp. 63416; Vogel. in 
Aromaticiry, Ref. 55 f pp. 113-147, 

l, *Mislow J. Chem, Phys* 1£52, 20, L4&9- 

'"Masamune; Hojo; Hojo; Bigam; Rabensteln/. Am, Chem. Sac. 1971, 93, 4966. [iGjAnnulenes bad previously 
been prepared, but it was not known which ones: van Tameien; Burkoth J. Am. Chem. Soc. 1967^ 89 151; van 
Tameien; Greeley Chem. Commun. 1971, 601; vanTameten; Burkoth; Greeley J. Am. Chem, Soc. 1971, 93, 6120. 
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Among these are the diamon 65, the anions 66 and 67, and the azonine 68. 175 65 176 hai 
angles of about 135°, while 66 177 and 67 178 have angles of about 140°, which are not very fai 







from 144°. The inner proton in 67 179 (which is the mono-trans isomer of the all-cis 66) ii 
found far upfield in the nmr (-3.5 6), For 63 and 64, the cost in strain energy to achieve 
planarity apparently outweighs the extra stability that would come from an aromatic ring 
To emphasize the delicate balance between these factors, we may mention that the oxyger 
analog of 68 (oxonin) and the N~carbethoxy derivative of 68 are nonaromatic and nonplanar 
while 68 itself is aromatic and planar, 180 

So far 46 has not been prepared, despite many attempts. However, there are van 
ous ways of avoiding the interference between the two inner protons. The approacl 
that has been most successful involves bridging the 1 and 6 positions. 181 Thus 
l>6~methano[10]annulene (69) m and its oxygen and nitrogen analogs 70 183 and 71 184 have 
been prepared and are stable compounds that undergo aromatic substitution and are dia 
tropic, 185 For example, the perimeter protons of 69 are found at 6.9 to 7.3 5, while the 






17S For reviews of 68 and other nine-membered rings containing four double bonds and a hetero atom (heteromns 
see Anastassiou Acc. Chem. Res, 1972, 5, 281-288, Top. Nonbenzenoid Aromai. Chem, 1973, /, 1-27, Pure App 
Chem. 1975, 44, 691-749, For a review of heteroannuienes in general, see Anastassiou; Kasmai Adv. Heterocyc 
Chem. 1978, 23, 55*102. 

m Katz L Am. Chem. Soc. I960, 82, 3784, 3785; Goldstein; Wenzel /. Chem. Soc., Chem. Commun. 1984, 16* 
Garkusha; Garbuzova; Lokshin; Todres J, Organomet. Chem. 1989, 37/, 279. See also Noordik; van den Hark; Moot 
KlaassenAem Crystalhgr. Sect B. 1974,30, 833; Goldberg; Raymond; Harmon; Templeton J. Am. Chem. Soc. TO 
96, 1348; Evans; Wink; Wayda; Utile L Org. Chem. Soc, 1981, 46, 3925; Heinz; Langensee; Mullen J. Chem, Soc 
Chem. Common. 1986, 947. 

,n Kate; Garratl J. Am. Chem. Soc. 1964, .86, 5194; LaLancette; Benson J. Am, Chem, Sac. 1965 , 87, 194 
Simmons; Chesnut; LaLancette Am. Chem, Soc. 1965, 87, 982; Paquette; Ley; Meismger; Russell; OkuX An 
Chem. Soc, 1974, 96, 5806; Radlick; Rosen J. Am, Chem. Soc. 1966, 88, 3461. 

l7 * Anastassiou; Gebrian Tetrahedron Lett. 1970* 825, 

™Boche; Weber; Martens; Bieberbach Chem. Ber. 1978, III, 2480. See also Anastassiou; Reichmams Angev 
Chem Int Ed. Engl. 1974, 13+ 71% [Angew. Chem, 86, 784]; Boche; Baeberbach Tetrahedron Ult. 1976, 1021, 

^Anastassiou; Ceilura Chem, Commun. 1969, 903; Anastassiou; Gebrian J. Am. Chem, Soc. 1969, 9L 401: 
Anastassiou; Ceilura; Gebrian Chem. Commun. 1970, 375; Anastassiou; Yamamoto J. Chem, Soc, Chem. Commm 
1972, 286; Chiang; Paul; Anastassiou; Eachus/, Am. Chem. Soc. 1974, 96, 1636. 

^For reviews of bridged [10J-, {14}-, and [18}annulenes, see Vogel Pure Appl Chem* 1982, 54, 1015-1039; Is 
J, Chem. 1980, 20, 215-224; Chimia 1968, 22, 21-32; Vogel; Gunrher Angew. Chem, Int, Ed, Engl 1967, o\ 385-4{ 
[Angew. Chem. 79, 429-446]. , , ^ 

Itt Vogel; Roth Angew. Chem. Int. Ed. Engl. 1964, 3, 228 [Angew. Chem, 76, 145]; Vogel; Boll Angew. Int. £. 
Engl. 1964, 3, 642 [Angew. Chem. 76, 784]; Vogel; Boll; Biskup Tetrahedron Lett. 1966, 1569 

"Vogel; Biskup; Preiser; Boll Angew. Chem. Int. Ed, EngL 1964, 3, 642 [Angew, Chem, 76, 785]; Sondheune 
Shani J. Am. Chem, Soc, 1964, 84, 3168; Shani; Soadheimer L Am. Chem, Soc. 1967, S9, 6310; Bailey; Mason Chen 
Commun. 1967, 1039. £ ^ 

^Vogel; Preizer; BGU Tetrahedron Lett. 1965, 3613. See also the first paper of Ret. 183. 

^For another type of bridged diatropie [lOjannulene, see Lidert; Rees Chem. Soc, t Chem. Commun. 198 
499; Gilchrist; Rees; Tuddenham/. Chem. Soc, Perkin Trans. 1 1983, 83; McCague; Moody; Rees/. Chem. S<h 
Perkin Trans 1 1984, 165, 175; Gibbard; Moody; Rees/, Chem. Soc, Perkin Trans. 1 1985, 731, 735, 
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bridge protons are at -0.5 5, The crystal structure of 69 shows that the perimeter is 
nonplanar, but the bond distances are in the range 1.37 to 1.42 A. 186 It has therefore been 
amply demonstrated that a closed loop of 10 electrons is an aromatic system, although some 
molecules that could conceivably have such a system are too distorted from planarity to be 
aromatic. A small distortion from planarity (as in 69) does not prevent aroraaticity, at least 
in part because the cr orbitaJs so distort themselves as to maximize the favorable (parallel) 
overlap of p orbitals to form the aromatic 10-electron loop. 187 

In 72, where 69 is fused to two benzene rings in such a way that no canonical form can 
be written in which both benzene rings have six electrons, the aromaticity is reduced by 
annellation, as shown by the fact that the molecule rapidly converts to the more stable 73, 




in which both benzene rings can be fully aromatic' 88 (this is similar to the cydoheptatriene- 
norcaradiene conversions discussed on p. 1135). 



Systems of More than Ten Electrons: 4n -t- 2 Electrons 189 

Extrapolating from the discussion of [10]annulene, we expect larger An + 2 systems to be 
aromatic if they are planar. Mislow 173 predicted that [14]annulene (74) would possess the 
same type of interference as 46, although in lesser degree. This is borne out by experiment. 
74 is aromatic (it is diatropic; inner protons at 0.00 8, outer protons at 7.6 5), but 
is completely destroyed by light and air in one day. X-ray analysis shows that al- 
though there are no alternating single and double bonds, the molecule is not planar. 




«Bianchi; Pilati; Simonetta Acta Crystallogr., Sect. B 1980, 36, 3146. See also Dobler; Dunitz Heh. Chim Acta 

«*For a discussion, see Haddon Acc. Chem. Res. 1988, 2J, 243-249. 

GibTrson; Silverton J, Am. Chem. Soc. 198S, UQ, 497. See also McCague; Moody; Rees; Wrfhams 7- 
Chem. Soc, Perkin Trans. 1 1984, 909, . „ . A & M *ar* 

«*For reviews of anmilenes, with particular attention to their nmr spectra, see Sondheimer Acc. Chem. K«l vnz, 
5 81* ™ Appl S m 2S, 331-353> Pro, A Soc. London. Ser, A 1967, 297, HM0J; *™f*™%^ 
Hfc Gao™ Garratt; Grohmann; di Maio; Mayer; Sargent; Wotovsky, in Aromatiaty, Kef. 55, pp. 75407; Haddon; 
HaddSctaTn Ret 60. For a review of annulenoannulenes (two annulene rings fused together), see Nakagawa 

of arniulenes; that is, formation of radical ions, diamons, and dications, see MOIlen Chem. Rev. 15*4, 84, o0^o4o. 
For a review of annuSene anions, sec Rabinovitz Top. Curr. Chem. 1988, 146, 99-169, 
^Gaonr Meiera; Sondheimer; Wolovsky Proc, Chem. Soc. 1564, 397. 

"S^Nature^M, 679; Chiang; Paul J. Am. Chem. Sec. 1972 94, 4741 Anote 14-efcctron system 
is the dianion of [12]annulene, which is also apparently aromatic though not planar; Oth; Schroder J. Chem. Scc. B 
904 See a so Garrett; Rowland; Sondheimer Tetrahedron 1971, 27 3157; Oth; Mullen, Komgshofen; Mann; 
Saktta- Voeel Amew Chem. Int. Ed. Engl. 1974, 13, 284 [Angew. Chem. 86, 232]. For some other 14-electron 
Sc Xl Anasussiou, Elliott; Reichmiis J. Am. Chem. Soc. 1974, 96, 7823; Wife; Sondheimer /. Am. 
Cr^SoTmsl^m-, Ogawa;Kubo; Saikachi Tetrahedron Lett. 1971, 4859; Oth; Kon^shofen; Wassen; 

Vogel Helv, Chim. Acta 1974, 57, 2387; Willner; Gutman; Rabinovte J. Am. Chem. Soc. 1977, 99. 4167; Rottele, 
Schroder Chem. Ber. 1982, 115, 248. 
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e.g. 



However a number of stable bridged [14]annulenes have been Prepared, 
Tdie^ 




NH NH 



H H H H 





76 



77 




planar '« the bond distances axe ali 1.39 to 1.40 A, and the mol^Je undergo es aromatie 
P I „m »nA k diatronic 197 The outer protons are found at 8.14 to 8.67 8, while me 
substitution 193 and is ^f 0 ^ J™™ a f so dia tropic « 8 although x-ray crystallography 
CH 3 protons are at -4.25 5. 76 and 77 are also mwrupi ' » However, 78, in which 

indicates that the . periphery in at least 76 **ot quite pto Howeve 7 




79 




•"For a review, see Vogel Pure Appl- <^:™J*£ StelheWe; Miyasaka/. Am. Cfcem. Soc. 1967, 59, 
i»Boekeiheide; Phillips /. Am. C7>em . "S5, "^,^^.1989, 7, 135-199; Boekelhejde Top. 
1709 For reviews of dihydropyrenes, see Mitchell Adv. J feeo ; 

Mo fl ta»«U A«,m. Ctem. 1973, / 47-79. ^.^^"^Sm J«S,6W2; Destro; Pilati; Sirnonetta", 

tea; » ~w »^ a*. 

*^H^S»i2 BTiftt a y0^ r . « 510,, Voge, So m - 

broek, W^mann J^^TS 476 1 " 

"*Hanson Crysmltogr. 1965, /«, , f .V wo „i d ^ expected from the discussion on p. 44: 

"A number of anneilated der.vat.ves of 75 other papers in this series. 

Mitchell; Williams; Mahadevan; Lai; ^Dmgle . Am. Oum. Sac. «82 It* ail P £ ^ ^ ^ 

™As are several other similarly ^ d .^^^ C^m. /«. £tf. fi««t 1981, 

94, 4388; Flitsch; Peeters Ckem. Ber. 1973, ,106 1731, Huber, Lex, M * ui m « 2£? 8n [j4 CAm . 

20 391 A» g e». Chen, 93 401]; Vogel; Nitscte; |^ e ^^ y^^f ^j^' B ^ s^^a| s ti' g; Lex A^.W *t 

S ffi^KS. IS [AS- ^« 3S.7. Am. Oem. S*c. 1986, 108, 4105. 

^t£^rSSeS 
1982 -For Review of dehydroanmdenes, see Kakagawa Top. ******* Aronuu. CHem. 1973, /, 191-219. 
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dehydro[14]annulenes are diatropic, 79 can be nitrated or sulfonated, 263 The extra electrons 
of the triple bond do not form part of the aromatic system but simply exist as a localized 
bond. [18]Annulene (80) is diatropic: 204 the 12 outer protons are found at about 8 = 9 and 
the 6 inner protons at about 8 - - 3, X-ray crystallography 205 shows that it is nearly planar, 
so that interference of the inner hydrogens is not important in annulenes this large, 80 is 
reasonably stable, being distiliable at reduced pressures, and undergoes aromatic substitu- 
tions* 206 The C— C bond distances are not equal, but they do not alternate. There are 12 
inner bonds of about 1.38 A and 6 outer bonds of about 1,42 A. 205 80 has been estimated 
10 have a resonance energy of about 37 kcal/mol (155 kJ/mol), similar to that of benzene. 207 
The known bridged fl8]annulenes are also diatropic 208 as are most of the known dehy- 
dro[183annulenes, 209 The dianions of open and bridged [lejanmilenes 210 are also 18-electron 
aromatic systems. 211 

[22]Annulene 212 and dehydro[22)annulene 213 are also diatropic. In the latter compound 
[here are 13 outer protons at 6.25 to 8.45 5 and 7 inner protons at 0,70 to 3,45 5. Some 
aromatic bridged [22|annulenes are also known. 214 [26)AnnuIene has not yet been pre- 
pared, but several dehydro[26] annulenes are aromatic. 215 Furthermore, the dianion of 
13,7,9,13,15 J9,21-octadehydro[24]annulene is another 26-electron system that is aro- 
natic, 216 Ojima and co-workers have prepared bridged dehydro derivatives of [26], [30], 
ind [34] annulenes, 237 AH of these are diatropic. The same workers prepared a bridged 
:etradehydro[38]annu!ene 217 which showed no ring current. On the other hand, the dianion 
>f the cyclophane 81 also has 38 perimeter electrons, and this species is diatropic. 218 

There is now no doubt that 4n + 2 systems are aromatic if they can be planar, although 
?3 and 78 among others, demonstrate that not all such systems are in fact planar enough 



^Gaoni; Sondheimer A Am, Chem. Soc. 1964, 86, 521. 

Packman; Sondheimer; Amiel; Ben-Efraim; Gaoni; Wolovsky; Bothner-By/, Am. Chem. Soc 1962, £4, 4307; 
jilles; Oth; Sondheimer; Woo J. Chem, Soc B 1971, 2177. For a thorough discussion, see Baumann; Oth Helv. 
:him. Acta 1982, 65, 1885, 

^Bregman; Hirshfeid, Rabmovich; Schmidt Acta CrystaUogr. 1965, 19, 227; Hirshfeid; Rabinovich Acta Crys* 
itlogK 1965, 19, 235. 

^Calder; Garratt; Longuet-Higgins; Sondheimer; Wolovsky J. Chem. Soc, C 1967, 1041; Woo; Sondheimer 
r etrahedron 197ft, 26, 3933. 

w Oth; Bunzli; de Juiien de Zelicouit Helv. Ckim. Acta 1974, 57, 2276. 

**For some examples* see DuVernet; Wennerstrom; Lawson; Otsubo; BoekelheideX Am. Chem, Soc, 1978, 100, 
457; Ogawa; Sadakari; tooto; Miyamoto; Kato; Taniguchi Angew, Chem. Int. Ed. Engl 1983, 22, 417 [Angew. 
:hem, 95, 412]; Vogei; Sicken; Rohrig; Schmickter; Lex; Ermer Angew, Chem, Int Ed. Engl 1988,27, 411 [Angew. 
:hem. 100, 450], 

^Okamura; Sondheimer I Am. Chem. Soc, 1967, 89, 5991; Ojima; Ejiri; Kato; Nakamura; Kitroda; Hirooka; 
ihibutam J. Chem. Soc, Perkin Trans. 1 1987, 831; Sondheimer, Ret 189. For two that are not, see Endo; Sakata; 
-lisumi Bull. Chem. Soc. Jpn. 1971, 44, 2465, 

^For a review of this type of polycyclic ion, see Rabinovits; WiiJner; Minsky Acc Chem. Res. 1983, 16, 298*304, 

2ll Oth; Anthoine; GiHes Tetrahedron Lett 1968, 6265; Mitchell; Boekelheide Chem. Commun. 1970, 1557; Oth; 
iaumann; Giiles; Schroder /, Am, Chem. Soc. 1972, 94, 3948. See also Brown; Sondheimer Angew. Chem Int. Ed. 
Ingl 1974, 13, 337 [Angew. Chem. 86, 346); Cresp; Sargent J. Chem. Soc, Chem. Commun. 1974, 101; Schroder; 
linke; Smith; Oth Angew. Chem. Int. Ed. EngL 1973, 12, 325 [Angew. Chem, 85, 350J; Rabmovitz; Minsky Pure 
\ppl Chem. 1982, 54, 10054014. 

lu McOuiikm; Metcalf; Sondheimer Chem. Commun. 1971, 338. 

m McQuilkm; Sondheimer J. Am. Chem. Stw.1970, 92, 6341; lyoda; Nakagawai. Chem, Soc, Chem. Commun. 
972, 1003. See also Kabuto; Kitahara; lyoda; Nakagawa Tetrahedron Lett. 1976, 2787; Akiyama; Nomoto; lyoda; 
Jakagawa Bull Chem. Soc. Jpn. 1976, 49, 2579. 

2l %or example see Broadhurst; Grigg; Johnson X Chem. Soc, Perkin Trans. 1 1972, 2111; Ojima et al, Ref. 
09; Yamamoto; Kuroda; Shibulani; Yoneyama; Ojtma; Fajita; Ejiri; Yanagihara /. Chem. Soc, Perkin Trans. 1 
988 395. 

2 ^Metcalf; Sondheimer 3. Am. Chem. Soc, 1971, 95, 5271; lyoda; Nakagawa Tetrahedron Lett. 1972, 4253; Ojima; 
ujita; Matsumoto; Ejiri; Kato; Kuroda; Nozawa; Hirooka; Yoneyama; Tatemitsu J. Chem, Soc, Perkin Trans. 1 
988 385. 

** 6 McOuiikin; Garratt; Sondheimer / Am. Chem. Soc 1970, 92, 6682. See also Huber; Mullen; Wennerstrom 
ingew. Chem, Int. Ed. EngL 1980, 19, 624 [Angew. Chem. 92, 636], 
2!7 Ojima et aL, Ref. 215. 

m Mullen; Unterberg; Huber; Wennerstrom; Norinder; Tanner; Thulin J. Am. Chem. Soc. 1984, 106, 7514. 
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81 



for aromaticity The cases of 74 and 76 prove that absolute planarity is not required for 

££3£Et that ^^—^^^S^ case where electrons 
The proton nmr spectrum of 82 (called kt ^f~^ a ^ pre ferred.^ The 48 * 




ring, or ». wl- has a [301— ^^^^^8™," 
The proton nmr spectrum of *"E^£TJXS2ll "three groups of protons, 
in a ratio of 2:1:1. It >s seen from the ■»<««"« » d ft k at 8 37 , t0 the six 
The peak at 7.94 S is attributed to the 12 ortho PJ 0 "" 5 ^ ™ P Mns . i,,he molecule 
e>^P™I>^<>^^™ m ^^.^tre^pS.SS a negative 8, as In 
St 5.^CS^5 at SSSfflSSS. the elects prefer to 
the case of 80. The fact that this peas is w dianion Q f gl, we have the opposite 

torn the six benzene rings, which therefore cannot have aromanc sextets. 

742 [An$ew. Chem. 98, 757]. 
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CHAF 



Systems of More than Ten Electrons: 4*i Electrons 189 

As we have seen (p. 53), these systems are expected to be not only nonaromatic but actually 
antiaromatic. The chief criterion for antiaromaticity in annulenes is the presence of a para- 
magnetic ring current, 220 which causes protons on the outside of the ring to be shifted upfield 
while any inner protons are shifted downfield, in sharp contrast to a diamagnetic ring current, 
which causes shifts in the opposite directions. Compounds that sustain a paramagnetic ring 
current are called paratropic; we have already seen such behavior in certain four- and 
eight-electron systems. As with aromaticity, we expect that antiaromaticity will be at a 
maximum when the molecule is planar and when bond distances are equal. 

The [12]annulene 83 has been prepared. 221 In solution this molecule undergoes rapid 
conformational mobility (as do many other annulenes), 222 so that above a certain temper- 





84 

ature, in this case -150°C, ail protons are magnetically equivalent. However, at -110°C 
the mobility is greatly slowed and the three inner protons are found at about 8 5 while 
the nine outer protons are at about 6 8. S3 suffers from hydrogen interference and is cer- 
tainly not planar, it is very unstable and above -50°C rearranges to 84. Several bridged 
and dehydro[12]annulenes are known, e.g., 5-bromo-l,9-didehydro[12]annulene (85), 223 
cyct[3.33]azine (8G), 224 9b*methyl-9bif-benzo[c<flazulene (87), 225 and i,7-methano[12]- 
annulene (88). 226 In these compounds both hydrogen interference and conformational mo- 
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bitity are prevented. In 86, 87, and 88, the bridge prevents conformational changes, while 
in 85 the bromine atom is too large to be found inside the ring. Nmr spectra show that all 
four compounds are paratropic, the inner proton of 85 being found at 16.4 5> The dication 
of 77 227 and the dianion of 69^ are also 12-eIectron paratropic species. 



^Popie; Unich J, Am. Chem. Soc. 1966, 88 1 4811; Longuet*Higgtns f in Aromaticity, Ref, 55, pp. 109-111. 
^Oth; Rotteic; Schroder Tetrahedron Lett. 1970, 61; Oth; Gilles; Schrbder Tetrahedron Lett. 1970, 67. 
^For a review of conformational mobility in anrmlenes, see Oth Pure AppL Chem. 1971, 25, 573-622. 
m Untch; Wysocfci J. Am. Chem. Sac* 1961, 89, 6386. 

^Farquhar; Leaver Chem. Commun. 1969, 24. For a review, see Matsuda; Goiou Helerocyctes 19$7, 26, 2757- 
2772. 

«*Ha£ner; Kuhn Angew. Chem. int. Ed. Engl 1986, 25, 632 {Angew. Chem. 98, 648). For a similar system, see 
Kohnz; Dull; Mullen Angew. Chem. Im. Ed, Engl 1989, 28, 1343 [Angew. Chem. 101, 1375]. 

»VogeI; Komgshofen; Mullen; Oth Angew. Chem. Int Ed. Engl. 1974, 13 t 281 [Angew. Chem, $6, 229]. See 
also Mugnoii; Simonetta J. Chem. Soc, t Perkin Trans. 2 1976, 822; Scott; Kirros; Ounther; von Puttkamer J, Am. 
Chem. Soc. 1983, 105, 1372; Destro; Ortoteva; Simonctta; Todeschixu /- Chem. Soc., Perkin Trans. 2 1983, 1227, 

^Mullen; Meuj; Schade; Schnuckler; Vogel/, Am. Chem, Soc. 19&7, 109, 4992. This paper also reports a number 
of other bridged paratropic 12-, 16% and 20-eiectron dianions and dications. See also Hafner; Thiele Tetrahedron Lett. 
1984 25 1445, 

^Schmaiz; Ounther Angew. Chem. Ins. Ed, Engl 1988, 27, 1692 [Angew. Chem. 100, 1754]. 



Te 

A 

3< 

V 

t 

I 

i 



)ut actually 
> of a para- 
fted upfield 
ng current, 
ignetic ring 
four- and 
all be at a 

-goes rapid 
tin temper- 



at -17G°C 
t 8 S while 
and is cer- 
ral bridged 
me (85), 223 
2thano[12)- 
itional mo- 




nges, while 
ow that ail 
he dication 



109411. 
622, 

2757- 

ar system, see 

229), See 
^erj, Am. 

1227. 
orts a number 
"rtedron Lett, 



CHAPTER 2 



AROMATIC1TY 65 



The results for [16]aimulene are similar. The compound was synthesized in two different 
wavs » both of which gave 89, which in solution is in equilibrium with 90, Above -50 C 
Ee is co^ resulting in the magnetic equivalence of all protons, but 





89 

at - 130°C the compound is clearly paratropic: there are four protons at 10.56 8 and twelve 
a 5 35 8 In the soUd state, where the compound exists entirely as 89, x-ray crystallography** 

-nplanar with almost complete bond alternation: the stngie 
ZZl are 1 44 to 1 47 A and the double bonds 1.31 to 1.35 A. A number of dehydro and 
SSUTlijilSiS -e "to paratropic,- as are [20]annulene - [24]annutenj » and 
91 I : 2 8 Eon system that is the tetraanion of [2 4 ] P aracyclophanetetraene.^ However, 
a bridged tetradehydro[32)annulene was atropic. 217 . rt i„ rirtn \ an rf dioleia- 

Both oeracvclene (92)™ (which because of strain is stable only in solution) and dipleta- 
dien f(9&* ^are paratropic, as shown by nmr spectra. These molecules nught have been 

(12 and 16 electrons, respectively) constitute antiaromatic systems with an extra central 
double bond. 





-Sender; Oth Tehran Leu. 1966,4083 ^^kTch^oc^ » ' jS£tS3£S5 
Tetrahedron Leu, 1968, 6259; CaJder; Gaom; ^^J;^ m ^ Hem - ^ ' 
[16jannuier.es. see Schroder; Kksch; Oth C*«j. fcr- W> 4 «- 

^Johnson; Paul; King J. Chem. 5oc. fi 19TU, 643- Murata; Okazaki; Nakazawa 

-For exampie, «c aUe r: Garra,,; Son^ 
Ansew. Chem. Int. Ed. Engl. 1971, 10, 576 [Angew. Chem &) . j, ' ug awa «v , 

36* Nakatsuji; Morigaki; Akiyama^ Nakaga™ 'J^^I^^^S^Si Let. 1985,26, 3087. 

1972, 355; Nakatsuji; Akiyama; Nattagawa Tetrahedron Lett. 1976, 2623, Yamamoto et ai.. km. ± 

^^SS5i Kiia^. Sec- 1971, Pi. 737; Tr<*, ; Her*e /. Am. Chem. Soc. 1976, «. 
^Vogel; Neu.ann; K. Ug ; Schmickier; U,^. Cftem. Mr. fit B* 1985, *. 1046 Chem. 97, 1044J. 
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The fact that many 4n systems are paratropic even though they may be nonplanar and 
have unequal bond distances indicates that if planarity were enforced, the ring currents 
might be even greater. That this is true is dramatically illustrated by the nmr spectrum of 
the dianion of 7S 237 (and its diethyl and dipropyl homclogs). 238 We may recall that in 75, 
the outer protons were found at 8,14 to 8.67 5 with the methyl protons at -4.25 S. For the 
iianion, however, which is forced to have approximately the same planar geometry but now 
las 16 electrons, the outer protons are shifted to about -3 8 while the methyl protons are 
found at about 21 8, a shift of about 25 81 We have already seen where the converse shift 
*as made, when [16]annulenes that were antiaromatic were converted to 18-electron dianions 
:hat were aromatic. 211 In these cases, the changes in nmr chemical shifts were almost as 
iramatic. Heat-of -combustion measures also .show that [16]annulene is much less stable than 
is dianion, 239 

We can therefore conclude that in An systems antiaromaticity will be at a maximum where 
\ molecule is constrained to be planar {as in 52 or the dianion of 75) but T where possible, 
:he molecule will distort itself from planarity and avoid equal bond distances in order to 
reduce antiaromaticity. In some cases, such as cyctooctatraene, the distortion and bond 
alternation are great enough for antiaromaticity to be completely avoided. In other cases, 
*.g. t 83 or 89, it is apparently not possible for the molecules to avoid at least some p-orbital 
overlap. Such molecules show paramagnetic ring currents and other evidence of antiaro- 
naticity, although the degree of antiaromaticity is not as great as in molecules such as 52 
>r the dianion of 75, 



Other Aromatic Compounds 

We shall briefly mention three other types of aromatic compounds, 

1, Mesoionic compounds 240 cannot be satisfactorily represented by Lewis structures not 
nvolving charge separation. Most of them contain five-membered rings. The most common 



R 



R — N 



/C=C— OI° 



\ 



R _ N 



etc. 



>-c-o 0 

r — e 

Sydnone 



ire the sydnones, stable aromatic compounds that undergo aromatic substitution when R' 
s hydrogen. 

2. The dianion of squaric acid. 241 The stability of this system is illustrated by the fact 
hat the pK t of squaric acid 242 is about L5 and the p£ 2 is about 3.S, 243 which means that 



^For a review of polycyclic dianions, see Rabinovitz; Cohen Tetrahedron 1988, 44 6957-6994. 
^Mitchell; Klopfenstein; Boeketheide /. Am. Chem. Soc. 1969, 91, 493L For another example, see Deger; 
rfuiten; Vogel Angew, Chem. Int. Ed. Engl 1978, 17, 957 {Angew. Chem. 9Q> 99G]. 
^Stevenson; Forch /. Am. Chem. Soc. tm, 102, 5985. 

"•For reviews, see Newton; Ramsden Tetrahedron 1982, 38, 2965-3011; Ollis; Ramsden Adv. Heterocycl. Chem. 
i976, 19, 1422; Ramsden Tetrahedron 1977, 33, 32Q3-3232; Yashimskii; Kholodov Huss. Chem. Rev, 1980, 49, 28- 
B; Ohta'; Kato, in Snyder, Ref. 55, vol. 1, pp. 117-248. 

Hi Wesi; Powell /. Am, Chem. Soc. 19©, SJ, 2577; Ito; West J, Am. Chem. Soc, 1963, 85, 2580. 

^For a review of squaric acid and other nonbenzenoid quinones, see Wong; Chan; Luh T in Patat; Rappoport The 
Chemistry of the Quinonoid Compounds, voL 2, pt, 2; Wiley; New York, 1988, pp. 1501-1563. 

^Ireland; Walton /. Pkys. Chem. 1967, 7/, 751; MacDonatdX Org. Chem. 1968, 33 > 4559. 
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-1H* 





-*■ etc. 



OH 



even the second proton is given up much more readily than the proton ofacetic add for 
example » The analogous three-,* 5 five-, and six-membered nng compounds are also 

k T n Homoarormtic compounds. When cyclooctatetraene is dissolved in concentrated 
H Jb? a proton adds to one of the double bonds to form the homotropyhum ion 94.^In 
m s^an aromatic sextet is spread over seven carbons, as m the tropyhum ton. The 





eighth carbon is an sp> carbon and so cannot take part in the ^f^^^ 
the oresence of a diatropic ring current: H b is found at 8 - -0.3, H a at 5.1 6, H, ana n 7 
* 6 4?»SS at 8.5 S . This ion is an example of a homoaromatic compound, which may 
to defined Wa compound that contains one or more** ^-hybridized carbon atoms m .an 
otoise conjugated cycled In order for the orbitals to overlap most effectively so as to 
cfoseT foop, theV atoms are forced to lie almost vertically above the plane of the aromatic 
atoms ^ In 94, H b is directly above the aromatic sextet and so is shifted far upfield m the 
nmn All homoaromatic compounds so far discovered are ions, and U us question^ a 
to whether homoaromatic character can exist in uncharged systems.** Homoaromatic tons 
of two and ten electrons are also known. 

"*There has been a controversy as to whether this dianion is in fac, aromatic. See Aihara J. Am. Ckem. Soc. 
^Eggelding; West/. Am. Ckem.Soc. W 76,9 S . 3641; Perils; Serosa re^o«^ 1^7, 4437; Semrningsen; 
Gioth J. Am. Chem. Soc. 1987, 109 7238, . „ N y ork l9 g 0 For rev iews, see Serratosa Ace. 

**For a monograph, see ^ L <ta^^^^/^^ ^ !7 ( ^ \ m , 2 0, 300-307; West; Niu in 

0USb 4f.'c»m?»?d' ™S .»■« « k N*-«n~«* K ™»~>™*. *■ Fo. «»»pl« 

see Paquette, Ref. 249. Panuette ^nsew Chem. Int. Ed. Engl. 1978, /7, 

*»For reviews, see Childs Acc. Chem. Res. 1984, /7, 347 Awmaticity, Ref. 55, pp. 5- 
106-117 [An^. Chem. 90 114-125]; Winstem £ to ^^^^M^^^k. 10074098, 
45; and in Olah; Schieyer, Carbomum Ions; Wiley. New ^ork vol, 3. WU, .tne rev.e > mf ? ntioned above .) 

CynkowskU. Am Chem Z : lA», »/, 699*1. See however. Liebman; Paquette; Petersen Rogers/. Am. Chem. 
Soc. 1988, 7244. 
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CHAPTER 6 



DETERMINATION OF THREE-DIMENSIONAL 
STRUCTURE OF MOLECULES AND 
COMPLEXES 



For a long time, the msgnetocfaemical aspects of s{^>cteemistry wots 
limited so the ms&ym of intett^mrakaakm of effective magnetic tua^gmti 
j*nd ihs smictstre of tJ>e coemtedon center of innwcomplcx eoffipoands 
wish some transition d-efeiaeiUk In wider term*, th$ systematic 
investigations of the dtree*dimcns*cm&l smicture of aaoiecoles « vsxiotts 
types and complexes of different degrees of ambiilty* including even 
solvates, have aimed compsmtively recently* Tbsy are largely based on 
magnctoopticai (the Cotton-Mouton and paramagnetic birefringence 
methods) and mAgnetOTcsoa»cc methods* mck u NMR on *H md 
nuclei to high magnetic fields and NMR using shifts reagents. The list 
me&od i* bassed on the analysis of the relationship between istagnetk 
anisotrqpies of par^agnetk km and chemical shifts of *H and l3 C nuclei. 
Bx&nsive urformation ptwided by this method, relative mmplte&y of 
experin*c*iial jm>cedi*re» and the possibility erf theoretical foi^pretstkm of 
ibe results aot o&ly qualitatively but $bo quantitatively* led m the e&rty 
1970s to the pubSfesftoc* of a large sumlK*of j&p^ aad to dse ckwci^i^t 
of a sew direction in this area* The method has t>ees described to detail to 
i&aay motiographs and textbooks, mi ttasrefcre will not be discussed toe, 

6*L Application of the Cotton-Moutoft Effect for 
Molecular Conformational Study 

IMike its electric mzktgm <ihe Kerr effect) the Cotton-MoutoB effect has 
been applied to c#fcforrnMk*nai analysis only to a small c&tm% afthoui h it 
should cmy Momvtim on three-dimensional structure of toaiecttSes. 1 The 
molar Cbacm-Maaion constants, aad also the p^maagnetie blreftingence 
constants, are maerascsiftolly additive, Moreover, the isotropic 
components of tnagneiooptictl sonants are also additive on the 
intrmotecitfar level The magaede susceptibility of weakly magaedc 
substances is practically equal to 1, $0 ifaiit the modules of a solute are 
influenced by magnetic field with ftf^cttetlly cqnsl to the same impurity ft* 
the external field. I* is therefore possible m use tatgoetie bireftingciice to 
$&idy das tmttmre of molecules in the liquid condensed mm or in media of 
different potaity, mclv&m ckctroIyie& Sufficient degree ofseepicy of 
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tbs tvmlm obtained ustog the €o?fon*Ma*itoo effect in confon&ssioiial 
mMtz allows to re&eh a eoadMoa when the diffisreace between the 
cakulmted tmmm^&cM zmmm of individual conformed is at kast an 
order of iB&i^fiide greater to the uKotediity feirdeterainaitaa tam 
the expermsemai data. 

4,14* Coitformatiotis of Organic McAwuto 

Because the arasouopy of etoronic iAam^»if tics is nisximom for mmafic 
molecules, the \tm of the Cottos-Momoa effect should be most effective in 
coafop^o&sl anatyth erf these cOTpowds, Tb& pc^sMty of Sii&h 
analysis was fim demonstrated for Wpbenyi dissolved to CO4 <*p « 0°) 
and til im*ctwal analogue 3 i^phcsylnapiithaicEtc * 66®), 9* 
^nyta*m^<f ^1iP%m6%^^x^mmYl(f^S^^ ThedlhedraJ 
angles f eharactertetag *** deviations from jpicnadty g* vei * 
parenthesis* For molecules with N4ieisrocy£le& T for example $ym- 
tripteyidfitsdm lod m^-ppii^l}S-tnm^^m0m p tie 15°, which it 
bss than those in 13>M|&e&ylbensene (9 * 35*^ 308,3)> Similar 
values of f* , about 30*40°, were found in CCI4 for a series of 
betraphesioises, for which the C2 symmetry was assumed* The angle of 
t*on<optanarny of the nitm-groqps in the ^^-posmoas mi&tive to the 
mcibyl poap in sMtroioltieae is 50° J 5 The pewits obodaed for above 
me&tiofjed eooipoyisd* %m in good agrcettieia tbe dam fowd artier by 
Ac Ken- effect, 6 For U^banafh^ 

Mmmn md the Kerr effect*, ^ in the effective sdtmk^state ^tfcrtai^ 

of the molecule is ^pr^fiia^y 90^ ? 

It OmM be potaicd out* mmmts tfats the CcmcHH^Mo&ton ef&fct is 
capable sot oaly of dupllc&tiag the strucumd iirfomi^ioa obtained by the 
Kerr effect la certata mcs the data from both imilhods on be ti$ed 
together* Such approach is applied to compounds in which the axis erf 
tatsiradrot^^ 

moment. Far exainpfc, the Ke$r constant! of 4*nlm^he^, cakutoted 
with the additive scheme practically does not depcsid on the aagle of rotation 
bclw^n aiosmtlc ti^afe 9, a**d tie ia the laterval of (164046£0H#* 12 
ema Tliese vaiyes a*e im^ 

emt*, which is the figs of & ttroag ctafs of tensor oomposeisti of the 

optical potebaibii^ afcmg L^txit { Ab » 9,2 ^ >, Tte €to^s*Mc«Btoa 
coxi^t^its ctlcatod ^klitg account this superadds vc cofttributiOT$ 
dtepe?)d <OTi^de«ibly m the tor^oiitl aa|ie : 
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9 o Q 15 30 45 m IS 90 

m C-t0i5,cm« 14.7 13.6 10.6 45 2,4 -0.6 -I.7S 

Comparison of these values with the experimental one, mC * i2.1*I0-*^ 
emu allows to choose the stractuit with §> « 23° that is close to (he planar 
form. 3 

The similar situatioa takes place also for halogen-aabtfittited 
aiylalkanes, f * 13 in 2-hJlogcnefhylDenzeiie and Its p&&mb*tifaM& 
derivatives the theoretical Kerr constants of the eonfoimers with tram- 
ortestatien of die OBal bonds ate also not changed by the fetation angle of 
the plane of the aromatic radical, while the torsional dependence of the 
Cotton-Moaton constants for this form is expressed rathe* sharply. 9 
Thetefote, the study of ftot«-dimeasional structure of this motocuk in Cut* 
was carried out on separate fragments: at the first stage, a ratio of gauche- 
and ffaftf-coflfontiations with respect to the ethane C-C bond was 
determined by methods of dipole moments and *H mm speettofeopy. 
then, the rotation angle of the piaae of me aromatic radical was estagnsbed 
in $&ucke~fmn f ami finally, die oanfoimatiof! of the aromatic radical in 
trans-form was found on me basis of data obtained using the Cotton- 
Motitcmefifect 

The investigation of compounds of general elements of symmetry 
containing three and mote axes of internal rotation ftequenily demands not 
simply the application of several physical methods, mil setae spec**! 
analysis of observed properties. The data on complex graphic anilysii of 
molar Kerr i m K) and Cotton-Mooton {«€> constants of 1,2-dichloro-l- 
pbcnylethant are given to Figure 6.1.10 Molecules may be|»ej»nfedkthe 
form of three energetically distinct rotational isomers with trans- (T) and 
gauche- (ibc latter can be of mo types: Gl and G2) orientations of the CO 
bonds relative to one another. Torsion angles f of phenyls can be 
different f% f Gii *»d f G2, The values of eiec&o- and magaetDoptieal 
constants caktttefed tm specific structures and the exfxdmea^y^rof 
ra K and »C are plotted on a giiph with the eooidiaaie axes aiKCPhaCHr 
CH3CI) v* w c5PhClCH-CH2CI). As a teiult, * family of points 
contending to discrete conformations T, Gl, and G2 is obtained. 
Bpires of closed curves denote continuously changing torsion parameters 
f h to otder to calculate the 

la the present case the pair of equilibria, T : Gl • 4 : 1, without 
psBticipation of Gl-fotm, one the most probable. The untight line pasting 
through the "Q 1 legion" and experimental points corresponds to the angles 
f T * 60» (an eclipse of C 0 ~ H by ring plane), and 10° (the C-C bond is 
prictfe^iy eclif^ by ftoy^ The latter valae is 
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Figure 6,1. Tn# ie>W eontematkmaf dapendenca of #i»ctric (rrfQ ami rm^ielte 
iafi) bJr*fci^©nce constants of ig~m^*i*plmiy\Mtem 

unrealistic on the basis of stoic eoflsidmtioRk The mree-dimensieaal 
structure and ratio of conformers of U^fcesyH J^aiotenethanes* 1 
and IJ^ttiteoittO-l-^^yicAaiifi 12 in CO* were siraitariy established, 

The Cotton-Mouton effect can be applied for a study of not only the 
aromatic compounds. It was used for investigations of conformational 
etpatibwa of the secies of individual liquid tialogeisoataes. 

Table 41 contains values of experimental and calculated (for possible 
conformations) molar €ottoa~M©«to» constant* (m€« X p, »C cm ie 
respectively) of the series of halogen containing alkanes, the popdatkw 
fractions of trms^om (at) calculated from m C, and also the values of 
(nT)iit found earlier by molecular spectroscopy methods, As it f@Uows 
from this table, the dam fma the Oxum-Uaaim effect confirm die known 
results that r^ftr*or4eomtion of the C-Br bonds is preferred in 1*2- 
dlbromoethane and 1,2-dibroroocycbfeeicane, and also in its methyi- 
sqbstil^icddcriviaives.t In the series c^halt^^pf^tjca^iJ^ methyl 
derivatives the asymmetric gmeht structures predomiaate in die pure 
liquids; the conformational citerpci of these structures arc mm addMvc, and 
are determined by bypeiconjugative inteiacdcKa jrKCHj) or C(€M$yz]- 
o« (C~Hal)> 13 It should be noted mat the gauche orientation of the C-C and 
C-Br bonds is preferred in l.^halo^moinTeiMUjes, 1 
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Tabte 6.1 . Motar C0fton-Wc»it£>ri constants m fS" ,s «*w> and contoraagonal 



Compourxi 




T 01 
<G2> 




ax 

mo 


1 


2 




3 


4 


5 


BrCHfCHaBr 


0.40 4 0.91 


0J5 


0.15 


0.63 


0.64 




0.38 ± 0.01 


0.S6 


0,23 
(0.13) 


0.55 


0.60 




0.40 ± 0.01 


0,58 


019 


0.54 


0.64 


BfCHjCH-CHBrCCB^ 


0.37 4 0,03 


0JS 


017 
{0.17) 


0.45 


» 




0.40 4 0.01 


038 


0.46 


0,75 


0,62 




0,30 ± 0.02 


0.29 


0,39 


0,90 






0,08 ± 0.01 


0.135 


0,05 


0,30 


0.24 




0.14 ± 0.01 


0,23 


0J1 


0J4 


0.19 




0.18 4 0.01 


032 


0,16 


0,16 


<•* 




0.12 * 0.01 


CMS 


0,14 


0.18 


0,24 


BfOi^aKCHjh 


0.17 4 0.01 


0.065 


0.20 


0.22 


0.25 




0.24± 0.01 


0J 14 


0,2S 


0,24 


0,21 




0.08 4 0.01 


0.14$ 


0.06 


0.23 


0,21 


CH3C3i2-CHBr<a43>2 


0.16 4 0.01 


0,24 


0.13 


0-25 


0.21 
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Molecular conformations from magnetic anisotropies 
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A method is developed for determining molecular conformations through analysis of experimental molar Cotton- 
Mouton constants in conjunction with known anisotropic magnetic susceptibilities and electric pofarizabilities for 
structural groups Molar Cotton-Mouton constants (* 1D 16 e.m.u,), and derived interplanar angles, for molecules 
as solutes in carbon tetrachloride at 2G*C are: hiphenyl (+ 70, 0 6 ); 2,2" r «pyridyl £+ 76, 25°); 9,9'-bianthryl (+160, 
62°)' 9-phenyianthracene (+ 157, 70°); 1-phenylnaphthalene (+79, 66°); 1,3,5-iriphenyibenzene (+169, 35°), 
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